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PREFACE 



The time was ripe for a series of books on Pseudomonas to see the light. 
About 18 years have passed since Jack Sokatch first published his outstanding 
The Biology of Pseudomonas back in 1986. This was followed by two books 
published by the ASM that contained the presentations of the Pseudomonas 
meetings held in Chicago in 1989 and Trieste in 1991. The earlier volume was 
edited by Simon Silver, A1 Chakrabarty, Barbara Iglewski and Sam Kaplan, 
and the later by Enrica Galli, Simon Silver and Bernard Witholt. 

The present series of books was conceived at a meeting with Kluwer 
staff members in August 2002 during the XI lUMS conference in Paris. In less 
than a year a group of outstanding scientists in the field, after devoting much 
of their valuable time, managed to complete their manuscripts for the three 
volumes of the series. It has been an honor for me to work with them. 

The review process has also been of great importance to ensure the high 
standard of each chapter. Renowned scientists have participated in the review, 
correction and editing of the chapters. Their assistance is immensely appreciated. 
I would like to express my most sincere appreciation to: 
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There has been growing interest in pseudomonads and a particular urge 
to understand the biology underlying the complex metabolism of these 
ubiquitous microbes. These bacteria are capable of colonizing a wide range 
of niches, including the soil, the plant rhizosphere and phylosphere, and 
animal tissues; more recently they have attracted attention because of their 
capacity to form biofilms, a characteristic with potentially important medical 
and environmental implications. 

There has been an explosion of vital new information about the genus 
Pseudomonas. A rapid search for articles containing the word “Pseudomonas” 
in the title in the last 10 years produces more than 6,000 articles! 
Consequently, we cannot cover all possible topics relevant to this genus in just 
three volumes, although our intention has been to be as thorough as possible. 
To organize the books, various topics have been grouped under a common 
heading, although this has some limitations since certain chapters may seem 
equally appropriate under different headings. 

In Volume 1, the first chapter provides clues to the definition of the true 
Pseudomonas genus and gives a historical perspective of research to date. The 
insights in this chapter will undoubtedly help us to ascribe potential new iso- 
lates to this genus. Several recent advances in genomics, plasmids and phage 
biology, as well as a wealth of useful tools, are grouped under the heading 
“Genomics.” These chapters reveal the basis for diversity within the genus 
Pseudomonas at the molecular level, as well as key structural features. This 
section also describes a wide range of molecular tools to study gene expres- 
sion and cloning in Pseudomonas, which have also been of great use in the 
analysis of other organisms. These chapters are therefore of potential interest 
to colleagues working in other genera in addition to Pseudomonas. 

The section “Life styles” comprises a series of fascinating chapters that 
explain where pseudomonads can be found, their role in a particular niche, 
and how they interact with other members of the ecological community. 
Volume 1 concludes with a series of chapters on the architecture of 
Pseudomonas which explain the structure of the cell surfaces, their ability to 
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sense nutrients, and the use of the flagellar system of move toward chemoat- 
tractants or away from chemorepellent compounds. The molecular basis of 
cell architecture is critical to understand life styles, such as adhesion and 
secretion or extrusion of toxic substances including antibiotics and solvents. 
In all, I believe that the chapters included in this volume will by themselves 
constitute a book of general interest for microbiologists working on the 
biology of Pseudomonas. 

Volume 2 deals with two important issues: virulence and gene regula- 
tion. The chapters under the heading “Virulence” deal with well-established 
virulence factors which make Pseudomonas aeruginosa, an opportunistic 
pathogen, and Pseudomonas syringae, a plant pathogen. Some issues on viru- 
lence were dealt with in Volume 1 under the heading “Life styles”; in Volume 2, 
the aim is to provide insights into the molecular mechanisms of virulence. In 
phytopathogens, their life style overlaps with some beneficial properties of 
non-pathogenic soil bacteria, but what actually makes them different is critical 
to our understanding of the biology of this group of Pseudomonas. 

An astonishing finding from the analysis of the genomes sequenced to 
date is the wide battery of regulatory genes found in Pseudomonas. Also sur- 
prising is the wide range of alternative sigma factors encoded by these bacteria. 
Many of these factors belong to the ECF family and are involved in iron acqui- 
sition. The regulators of Pseudomonas can be placed into two broad groups, 
namely those that belong to the two-component class, in which a sensor protein 
“senses” the signal and triggers the actual regulator(s), and those of a second 
group in which sensing and regulatory functions are located in a single 
polypeptide. Volume 2 contains the most exhaustive and up-to-date compilation 
available of o-^^-dependent promoters in the genus Pseudomonas. 

Volume 3 comprises the sections “Macromolecules,” “Alternative respi- 
ratory substrates,” “Catabolism and biotransformations” and “Secondary 
metabolism.” The chapters in the section titled “Macromolecules” review 
some of the most complex metabolic pathways in the bacterial kingdom, and 
deal with the biosynthesis of LPS, fatty acids, alginate, rhamnolipids, cyclic 
lipopeptides, heme groups and vitamin B12. 

Pseudomonads are well known for their extreme nutritional versatility 
and their ability to produce added-value products from simple, cheap carbon 
and nitrogen sources. The chapters in Volume 3 deal with the metabolism of 
certain amino acids and other natural compounds such as alkanes, as well as 
some xenobiotics and recalcitrant compounds such as aromatics. Some of the 
enzymatic properties of pseudomonads have been exploited to produce added- 
value products, which makes non-pathogenic Pseudomonas strains of great 
interest for certain industrial processes. This, in addition to the ability of 
certain strains to biosynthesize secondary products and influence the life style 
of certain strains, also makes them of interest for the industry. 




viii 



Preface 



In recent years, it has become clearer that pseudomonads are able to 
colonize anaerobic niches. In these niches many strains are able to respire 
alternative electron acceptors, and the process of denitrification is indeed well 
understood in some strains of the genus Pseudomonas. More recently, a strain 
able to respire nitroorganic compounds has been reported, and recent studies 
have revealed that this property may be more widespread than was initially 
thought. 

There remains no doubt in my mind that in the next 10 years we will 
see myriad articles dealing with Pseudomonas and shedding further light on 
our current understanding of the broad group of bacteria in the genus 
Pseudomonas as it is now defined. However, I am confident that this series of 
books has assembled a significant part of the current knowledge of 
Pseudomonas in the best possible manner. More importantly, I hope it will 
open new lines of research that will lead to a better understanding of this group 
of saprophytic microorganisms. 

Last but not least, I would like to acknowledge the enthusiasm and 
assistance of Carmen Lorente in the compilation of the three volumes that 
constitute the Pseudomonas series. 
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LIPOPOLYSACCHARIDES OF 

Pseudomonas aeruginosa 



Joseph S. Lam, Mauricia Matewish, and Karen K.H. Poon 
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1. INTRODUCTION 

The lipopolysaccharide (LPS) of Pseudomonas aeruginosa is a major 
constituent of the outer leaflet of the outer membrane of the Gram-negative 
bacterial cell wall. Due to its surface location, LPS plays a critical role in the 
structural integrity of the outer membrane and in the interaction of the bacterium 
with its environment. In the human host, LPS shed by bacteria is usually bound 
by LPS-binding protein^^^’ and is transferred to the CD14 receptor^^^ on 
macrophages inducing the release of proinflammatory cytokines including 
tumor necrosis factor-a, interleukin 1 (IL-1), IL-6, IL-8 and IL-10^^^. In addi- 
tion, it has been shown that LPS of bacteria interacts with Toll-like receptor 4 
on host membranes and induces the release of cytokines^"^^. Properly regulated 
release of these inflammatory mediators is part of innate immunity against 
bacterial infections. However, excessive stimulation of the immune systems by 
LPS can result in septic shock and even death^^^. Therefore, a better under- 
standing of the biosynthesis of R aeruginosa LPS will provide the means to 
develop methods to block the interactions between LPS and host receptors. 

R aeruginosa LPS is composed of three distinct regions: (a) lipid A, 
which anchors the LPS molecule in the outer membrane and is covalently 
attached to the core, (b) core oligosaccharide (OS), which can be divided into 
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inner- and outer-core regions, and (c) the long chain polysaccharides 
(0 antigen), which provides hydrophilic charges to the cell surface, and forms 
a surface layer that protects the bacterium from host defenses and hazardous 
environments. The majority of R aeruginosa in natural environments and from 
clinical sources produce two chemically distinct forms of 0 antigens that are 
attached to the lipid A-core. On the basis of their resolution in liquid chro- 
matography, LPS bearing these distinct forms of O antigens are called A-band 
and B-band LPS. In this chapter, we will provide an in-depth review on the 
current knowledge of LPS biosynthesis in R aeruginosa, with particular focus 
on the genetic and biochemical evidence collected by our laboratory and other 
researchers. 

2. LIPID A BIOSYNTHESIS IN 

Pseudomonas aeruginosa 

2.1. Structure of Lipid A 

The structure of lipid A in LPS of many different R aeruginosa strains, 
including PAOl and PAK, which are standard wild-type laboratory strains, has 
been determined by many groups^^’ The lipid A molecule consists of 

a (3-l,6-linked D-glucosamine disaccharide [P-d-G1cN-(1->6)-d-G1cN] that is 
phosphorylated in positions 4' and 1 with the attachment site of the core OS at 
position 6'. The diglucosamine backbone is substituted to varying degrees with 
fatty acid chains and as a result, hexaacyl, pentaacyl and tetraacyl species are 
produced. The major lipid-A species that is synthesized, however, is the penta- 
acyl lipid A form that contains two amide-bound 3-0-acylated (i?)-3-hydroxy- 
dodecanoic acid groups [12:0(3-OH)] at positions 2 and 2' of the GlcN 
disaccharide and one ester-bound (i^)-3-hydroxydecanoic acid group [10:0(3- 
OH)] at position 3' (Figure lA). The 3-hydroxyl group of the two amide-linked 
12:0(3-OH) residues are acylated by either dodecanoic (12:0) or (5)-2- 
hydroxydodecanoic acid [12:0(2-OH)]. This can lead to structural heterogeneity 
within the lipid A molecule, and consequently, R aeruginosa has been found to 
synthesize the pentaacyl lipid A form with three acylation patterns. One form of 
lipid A is synthesized with the two amide-linked 12:0(3-OH) residues acylated 
by two 12:0 groups. The other forms contain 12:0(2-OH) at GlcN I and 12:0 at 
GlcN II or with the reverse distribution, while lipid A carrying two 12:0(2-OH) 
residues at both GlcN I and GlcN II do not appear to be synthesized. 

Interestingly, R aeruginosa is capable of synthesizing different forms of 
lipid A in response to environmental conditions that include magnesium- 
limiting growth medium and conditions encountered during different types of 
human infections. The predominant lipid A form produced by R aeruginosa 
strain PAOl and PAK when grown in high-magnesium conditions (ImM) 
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Q Non-CF clinical isolate: 

variant penta-acylated form 




Figure 1. Various structures of P. aeruginosa lipid A. A. The predominant penta-acylated form of lipid A found 
'mP aeruginosa strains, including PAK and PAOl when grown in high-magnesium conditions. B. Modified lipid 
A found in LPS from P aeruginosa CF-clinical isolates containing 4-amino-4-deoxy-L-arabinose at the 1 and 4' 
phosphates and a palmitate at the 3-hydroxydecanoic acid, bound via an ester linkage to the 3' carbon. C. The 
non-CF dominant penta-acylated lipid A found in blood and bronchiectasis isolates when grown in 
Luria-Bertani media. C16 refers to the 16-carbon chain length of the palmitate substitution. The structures were 
illustrated based on data from refs [20], [56], [87], [100]. 
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contains a penta-acylated moiety^^, a structure similar to those reported previ- 
ously by other groups^^’ The same penta-acylated form of lipid A was 
observed when PAK was grown in low-magnesium medium (8 |xM). However, 
PAK also produces three other forms of the penta-acylated lipid A. One penta- 
acylated form is modified by the addition of palmitate (hexadecanoic acid) on 
the 3-hydroxydecanoic acid, which is bound via an ester linkage to the 3' carbon. 
The other penta-acylated forms are characterized by the addition of palmitate 
as well as substitutions of 4-amino-4-deoxy-L-arabinose (aminoarabinose) to 
the 1 or 4' phosphates (or both). Using MALDI-TOF mass spectrometry to 
examine the structure of lipid A from R aeruginosa isolated from cystic fibro- 
sis (CF) patients, Ernst et al?^ identified several penta-acylated forms of the 
molecule. One of these was similar to the one previously described for strain 
PAK growing in high-magnesium conditions. Another has palmitate modifica- 
tion and the third form has palmitate modification as well as aminoarabinose 
substitutions at the 1 and 4' phosphate positions (Figure IB). The highest level 
of lipid A modification with palmitate observed is 33% in one of the clinical 
isolates. It was intriguing that the palmitate and aminoarabinose modifications 
were lost when this CF isolate was continuously passaged in Luria-Bertani 
broth medium^^. 

Different structures of lipid A are synthesized in non-CF clinical 
isolates^^. The dominant penta-acylated lipid A form isolated from minimally 
passaged non-CF strains (isolated from sepsis and bronchiectasis) was 
markedly different in the fatty acid distribution than the dominant 
penta-acylated lipid A species isolated from PAK, PAOl and the CF isolates 
(Figure 1C). Firstly, the dominant penta-acylated form of lipid A in the non-CF 
isolates contains 3-OH-C10:0 at the 3 position whereas the lipid A from the CF 
isolates and PAK did not have this fatty acyl chain. Secondly, the non-CF lipid A 
lacked the 2-OH-C12:0 at the 2' position, and thirdly, the addition of palmitate 
and aminoarabinose to this penta-acylated lipid A form was not observed in any 
of the non-CF clinical isolates even when grown in magnesium-limiting condi- 
tions. However, when these non-CF isolates were grown in magnesium-limiting 
media, they produced the structurally distinct CF-specific penta-acylated lipid A 
forms modified with palmitate and aminoarabinose. Therefore, these studies 
demonstrate that R aeruginosa has the remarkable ability to synthesize a variety 
of lipid A structures in vivo in response to changes in its environment. 

2.2. The Genes of Lipid A Biosynthesis 

In R aeruginosa, many genes that are highly homologous to those 
involved in Escherichia coli lipid A biosynthesis have been identified. The 
gene products of IpxA and IpxC are required for the first two and most con- 
served steps and have been characterized at the biochemical level. The other 
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genes thought to be involved in the remaining steps of lipid A biosynthesis in 
E aeruginosa have been annotated and assigned putative functions based 
on homology of their encoded proteins with enz}mies of E. coli lipid A 
biosynthesis ( Pseudo monas aeruginosa Community Annotation Project- 
PseudoCAP [http://www.pseudomonas.com/AnnotationListByFunction. 
asp?Function=Cell%20wall%20/%20LPS%20/%20capsule]; The Pseudomonas 
Genome Project^^^). Variations in the structure of E aeruginosa lipid A in com- 
parison to that of E. coli include differences in acyl chain length and distribu- 
tion. These structural differences may account for the presence of unique 
enzymes in E aeruginosa that have not yet been identified because they do not 
share significant homology with other characterized proteins. The molecular 
genetics and biochemistry of lipid A biosynthesis are best characterized in 
E. coli and have been thoroughly reviewed by Raetz and Whitfield^ 
Therefore, only a brief description of the enzymes identified in the pathway 
for E aeruginosa lipid A biosynthesis will be discussed here. 

The first step of lipid A synthesis in E aeruginosa is the acylation of UDP- 
V-acetylglucosamine (UDP-GlcNAc) at the C-3 position with a 10-carbon acyl 
chain by LpxA, a UDP-V-acetylglucosamine-3-O-acyltransferase^^. The product 
of this reaction, UDP-3-0-(R-3-hydroxydecanoyl)-V-acetylglucosamine, is 
deacetylated at the C-2 position to yield a free amino group by the enzyme, 
LpxC, a UDP-3-O-acyl-GlcNAc deacetylase^^. PA3646, a homologue of 
E. coli LpxD, is a putative acyltransferase that transfers hydroxydodecanoic 
acid to UDP-3-hydroxydecanoyl-glucosamine to produce UDP-2-hydroxydo- 
decanoyl-3-hydroxydecanoyl-GlcN^^. In E. coli, UDP-2,3-diacylglucosamine 
is cleaved at its phosphate bond by a pyrophosphatase called LpxH, to form 
2,3-diacylglucosamine-l -phosphate or what is also called lipid X^. At present, 
an LpxH homologue has not been identified in the E aeruginosa genome. A 
condensation reaction between UDP-2,3-diacylglucosamine and lipid X gener- 
ates a 3, l'-6 linked disaccharide and this reaction requires the activity of the 
disaccharide S 3 mthase LpxB, encoded putatively by PA3643^'^^. Phosphorylation 
at the 4' position of the disaccharide to form lipid IV^ is presumably catalyzed 
by a specific kinase^^ and the likely candidate is the protein encoded by PA2981, 
an E. coli LpxK homologue. The final steps in the biosynthesis of lipid A differ 
between enteric and non-enteric bacteria. In enteric bacteria, once lipid IV^ is 
made, the addition of two 3-deoxy-D-ma««o-octulosonic acid residues to lipid 
IVa precedes the addition of the fifth and sixth acyl chains^"^. In E aeruginosa, 
the lipid IVa is first acylated with two dodecanoic acid chains, which are 
0-linked to the acyl chains at the 2 and 2' positions before the addition of the 
3-deoxy-D-ma«Azo-octulosonic acid residues^^’ Proteins encoded by PAOOl 1 
and PA3242 of the P aeruginosa genome have been annotated to have the 
function of lauroyltranferases that add these additional acyl groups and these 
putative proteins are homologues of E. coli LpxL^^. 
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A phoP/phoQ two-component regulatory system in P. aeruginosa 
described by Macfarlane et al}^^ has been implicated in the regulation of 
genes required for the addition of aminoarabinose and palmitate to lipid A in 
magnesium-starvation conditions. PhoQ is a transmembrane histidine kinase 
that responds to extracellular concentrations of divalent cations, such as mag- 
nesium and calcium. In conditions of magnesium starvation, PhoQ activates 
the PhoP-response regulator, which controls the expression of many genes in 
this type of environment^^. Negative-ion MALDI-TOF mass spectroscopy 
analysis showed that the lipid A from wild-type P aeruginosa strain PAK 
grown in low-magnesium conditions contains aminoarabinose and palmitate 
whereas the lipid A from a phoP null mutant does not^^. At present, the genes 
that are presumably turned on by the PhoP/PhoQ system and mediate the 
transfer of palmitate to lipid A in aeruginosa have not been identified. The 

aminoarabinose substitution of P aeruginosa lipid A is thought to be mediated 
by PA3556 (PseudoCAP annotation), which encodes a protein with sequence 
similarity to E. coli ArnT, an inner membrane enzyme that adds two units of 
aminoarabinose to lipid A precursors containing a 3-deoxy-D-m<2n«o-octu- 
losonic acid disaccharide^^^. Studies comparing the biophysical properties of 
the PhoQ sensors from P aeruginosa and E. coli show that the PhoQ proteins 
from these two organisms differ in their structural response to divalent cations. 
PhoQ from P aeruginosa may recognize additional signals or respond differ- 
ently than E. coli and Salmonella enterica PhoQ in certain environments^^^. 
Furthermore, the distinct mechanisms of signal detection between P aerugi- 
nosa and£*. coli suggest that lipid A modifications in these two organisms may 
be regulated differently. 

The first steps of lipid A biosynthesis in Gram-negative bacteria are 
essential for viability and enzymes required for these steps have been identi- 
fied as potential candidates for the development of antimicrobial targets^^’ 
Consequently, P aeruginosa LpxA and LpxC have been characterized at the 
genetic and biochemical level. P aeruginosa LpxA catalyzes the acylation of 
UDP-GlcNAc at the C-3 position with a 10-carbon acyl chain and is specific 
for a hydroxydecanoyl-acyl carrier protein (3-OH-ClO-ACP)^^’ P aeruginosa 
LpxA is 54% identical to E. coli LpxA, which is specific for the 14-carbon 
acyl chain of 3-hydroxymyristoyl-acyl carrier protein (3-OH-C14-ACP)^. 
When P aeruginosa LpxA was overexpressed and the purified protein assayed 
in E. coli, the enzyme showed a greater than 1,000-fold preference for 3-OH- 
CIO-ACP over 3-OH-C14-ACP^^’ The hydrocarbon chain length prefer- 
ence of P aeruginosa LpxA was further demonstrated in vivo, as expression 
of P. aeruginosa IpxA in a Neisseria meningitidis IpxA mutant resulted in the 
production of hybrid lipid A molecules with 3-OH-ClO as the major fatty 
acid^^^. LpxA enzymes are very selective for the hydrocarbon length of 
the acyl carrier protein, but the mechanism of this selectivity is not well 
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understood. To facilitate our understanding of the exquisite hydrocarbon ruler 
in LpxA proteins, the X-ray crystal structure of E. coli LpxA has been solved 
at a 2.6-A resolution and a model of the native E. coli LpxA homotrimer has 
been resolved^"^^. A feature of particular interest is a novel left-handed parallel 
P-helix that appears to be directed by 24 hexapeptide repeats that are found in 
the N-terminal two thirds of each monomer. The R aeruginosa enzyme con- 
tains hexapeptide repeat motifs with nearly identical spacings to that of the 
E. coli LpxA and therefore these proteins are predicted to have similar overall 
folds^^. A significant discovery was the identification of a single amino acid 
within the putative catalytic site that is a key determinant of acyl chain selec- 
tivity. The wild-type R aeruginosa LpxA prefers a 3-OH-ClO-ACP and a 
switch from methionine to glycine at amino acid 169 results in a protein that 
prefers a 3-OH-C14-ACP. The wild-type E. coli LpxA is selective for 3-OH- 
C14-ACP and a reciprocal amino acid switch from glycine to methionine in a 
similar position resulted in a 3-OH-ClO-ACP-dependent enzyme, which 
catalyzed the synthesis of the expected hybrid lipid A species^^^. These data 
suggest that LpxA has a precise mechanism for chain length selectivity. 
A detailed understanding of the function of this enzyme may assist in the 
preparation of lipid A analogues which have the potential for therapeutic pur- 
poses that are presently synthesized using sophisticated chemical processes^^. 

The second step in lipid A biosynthesis is the A-deacetylation of UDP- 
3-0-(i?-3-hydroxydecanoyl)-A-acetylglucosamine by LpxC, a UDP-3-O-acyl- 
GlcNAc deacetylase. This is proposed to be the committing reaction step of 
the lipid A pathway^^^’ R aeruginosa LpxC has been purified to homo- 
geneity and has high deacetylase activity when assayed in vitro using UDP-3- 
0-(i?-3-hydroxymyristoyl)-GlcN[^H]Ac as a substrate^^. Presumably, in vivo, 
R aeruginosa LpxC recognizes UDP-3-0-(jR-3-hydroxydecanoyl)-GlcNAc. 
Although the activity of purified R aeruginosa LpxC with its native substrate, 
UDP-3-0-(7?-3-hydroxydecanoyl)-GlcNAc, has not been tested, LpxC protein 
prepared from wild-type crude extracts of R aeruginosa was shown to be 
relatively non-specific with respect to the substrate’s acyl chain length^^^. 

LpxC is an excellent target for the design of Gram-negative specific 
antimicrobial drugs. The IpxC gene is essential for viability^^ and LpxC has 
been identified in more than 40 Gram-negative species. LpxC is a zinc- 
containing enzyme that requires zinc for its catalytic activity^ ^ Data from 
sequence alignments, mutagenesis studies and extended X-ray absorption fine 
structure spectroscopy indicate a novel zinc binding motif in LpxC proteins 
that is not found in any other metalloproteins studied to date^^’ Compounds 
containing hydroxamic acids are thought to inhibit LpxC activity by chelating 
the zinc ion. A family of hydroxamic acids has been found to inhibit the activ- 
ity of purified E. coli LpxC in vitro and growth of the bacterium in animal 
models^^’ However, this specific class of inhibitors has no effect on 
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the growth of P aeruginosa. Several novel compounds that include a 
carbohydrate-derived hydroxamic acid called compound 8 have been shown to 
inhibit the activity of purified P. aeruginosa LpxC^^’ and the effect of 
these inhibitors against P aeruginosa and other Gram-negative organisms is 
currently being evaluated. 



3. STRUCTURE AND BIOSYNTHESIS OF 
CORE OLIGOSACCHARIDE 

3.1. Structure of the Core Oligosaccharide 

P aeruginosa produces two distinct core OS glycoforms. One of these 
core glycoforms is the acceptor molecule for the covalent attachment of the 
long chain A- or B-band PS while the other core form remains uncapped 
(Figure 2). The two core glycoforms differ in the outer-core region whereas 
the inner core remains conserved. The inner core is composed of two residues 
of 3-deoxy-D-maw«o-octulosonic acid (Kdo) and two residues of 
L-glycero-D-manno-hQptosQ (L,D-Hep). The inner core also contains a unique 
0-carbamoyl substitution at C-7 of the L,D-Hep residue located proximal to the 
outer core^^. The substitution of a sugar by a carbamoyl residue is unique in 
bacterial LPS and the only other report of a carbamoylated sugar is the termi- 
nal A-acylated and A-methylated GlcN residue of the Nod factor produced by 
Azorhizobium caulinodans^^^ . 7-0-carbamoyl-L,D-Hep has also been identi- 
fied in the LPS of other P aeruginosa strains including rough mutants 
(PAC605, PAC557, PAC608, and R5), wild-type strains (Fisher immunotypes 
1 , 2 and 7), and other Pseudomonas species including P fluorescens, P syringae 
and P wieringae^^. Consequently, the presence of the carbamoyl substituent 
could serve as a diagnostic marker for Pseudomonas spp. of the RNA group I 
described by Palleroni^^^. 

One distinguishing feature of the P aeruginosa inner core is the remark- 
ably high degree of phosphorylation associated with the heptose region. 
Determination of the phosphorylation patterns in this region has proven to be 
difficult and early studies have reported as many as 10 phosphate groups asso- 
ciated with an LPS molecule^^"^’ The exact phosphorylation sites were 
not identified until an accurate core OS structure of a mutant derived from 
strain PAOl was described by Masoud et al.^^^. The location of two phosphate 
groups was found to occur at C-2 and C-4 of L,D-HepI (HepI being the first 
Hep residue linked to lipid A). These phosphates are present in stoichiometric 
amounts and similar results have been reported in numerous studies^^^’ 
on other P aeruginosa strains. A third phosphorylation substitution has 
been found at C-6 of either L,D-HepI^^^ or L,D-HepII^^^. In a recent study by 
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A. Core oligosaccharide 
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B. 0-antigen-capped core oligosaccharide 
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Figure 2. Structures of the core OS from P. aeruginosa strain PAOl. Two distinct core OS have 
been elucidated. A. One of them is devoid of O antigen and is referred to as “tmcapped” core OS. 
Note the L-rhamnose is in a a- 1,6 linkage to an a-D-glucose in the main chain. B. The other core 
OS contains O antigen linked to L-rhamnose in an a- 1,3 linkage to p-D-glucose in the branch 
chain. Glc, glucose; Rha, rhamnose; GalN, galactosamine; Ala, alanine; CONH 2 , carbamoyl 
group; P, phosphate; Hep, L-g/ycero-D-wa/iwo-heptose; Kdo, 3-deoxy-D-ma««o-octulosonic acid. 
The structures were drawn based on data from refs [163], [164]. 



Knirel et four major phosphorylation sites were identified on the LPS of 
a CF clinical isolate and these phosphates were found at C-2 and C-4 of HepI 
and C-4 and C-6 of HepII. 

The LPS outer-core region contains four D-glucose (d-G1c), one 
L-rhamnose (L-Rha) and one iV-(L-alanyl)-D-galactosamine. The outer core 
occurs as two isomeric glycoforms differing in the position of L-Rha and 
one d-G1c residue. Although both core types contain an L-Rha residue linked 
to d-G1c, the uncapped core glycoform contains L-Rha in an a- 1,6 linkage to 
an a-D-Glc in the main chain, whereas the second core glycoform capped 
with O antigen contains L-Rha in an a- 1,3 linkage to P-d-G1c in the branch 
chain. This a- 1, 3 linked L-Rha is the attachment point for the O antigen in 
strain PAOl (serotype 05)^^"^. In a study by Bystrova et al?^, they observed 
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two core glycoforms in P aeruginosa strain 170041, classified as immunotype 1 
or serotype 06. The chemical structure of the core OS and linkage of the 
L-Rha of the core capped in the LPS of this strain is the same as that reported 
previously by Sadovskaya et al}^^ for PAOl (serotype 05). The only differ- 
ence between the uncapped core OS of strain PAOl and 170041 is that the core 
of 170041 lacks the terminal d-G1c residue. The terminal d-G1c found in 
the outer core of PAOl (serotype 05) was also shown to be absent in the outer 
core of strain PAK (which also produces serotype 06 O antigen)^^^ and is 
consistent with the structural data presented for strain 170041, immunotype 1 
(serotype 06). This structural distinction between the outer core OS of 
serotypes 05 and 06 was substantiated by immunochemical data whereby an 
outer core-specific monoclonal antibody (mAb) 101 reacted to a core LPS 
band of 05 but not 06 in Western immunoblots"^^. 

In a recent study, Knirel et al?^ investigated the structure of the core 
LPS of a rough, CF clinical isolate. It is important to note that LPS from 
chronic CF clinical isolates of R aeruginosa is usually devoid of 0-antigen 
pg59, 72 , 103, 141 researchers noted that CF clinical isolate 2192 synthe- 

sizes two different core glycoforms even in the absence of the 0-antigen PS^^ 
and the presence of two distinct core forms is a characteristic similar to that 
observed in the wild-type strain PAOl. However, it is of interest to note that 
the core glycoform required for attachment of the O antigen was produced 
despite the absence of capping by 0-PS in the LPS preparation from the clin- 
ical isolate. Comparison of the two LPS core glycoforms between isolate 2192 
and strain PAOl revealed that the core glycoform available for O attachment 
has the same structure; however, the uncapped core from the CF isolate lacks the 
terminal P-d-G1c residue attached at C-2 of the L-Rha of the main chain that 
is found in PAOl. A new finding in the core OS of clinical isolate 2192 is the 
O-acetylation that occurs at four sites, although the location of only one 
0-acetylation site was found at the L-Rha residue^^. To date, 0-acetylation of 
core LPS has been found in other bacteria including R fluorescens^^ with the 
only other report of this modification in the R aeruginosa species in strain 
170041^®. It is apparent that 0-acetylation of core OS is nonstoichiometric, 
and at present, the exact positions of the 0-acetyl groups and the role of 
0-acetylation in the LPS core are unknown. 

The elucidation of the complete structures of the two distinct core gly- 
coforms has a profound impact with respect to our understanding of core 
biosynthesis. Previously, many groups reported partial structures. 
Alternatively, by using LPS mutants, elucidation of complete structures of 
truncated core OS for R aeruginosa serogroups 02, 03, 05 and 06 were 
attained^"^’ The study by Sadovskaya et al}^^ was the first to 

have accomplished the elucidation of the chemical structure of the outer-core 
region in a fully assembled 0-chain containing LPS. The knowledge of the 
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existence of two core OS types facilitated a better understanding of the differ- 
ent structural data obtained from LPS mutants, and more importantly, it 
allowed us to pursue functional characterization of the genes involved in 
biosynthesis and assembly of the LPS core using genetic and biochemical 
approaches. 

3.2. Genetic Organization of Core 

Oligosaccharide Biosynthesis Genes 

Earlier studies by our group showed that an operon consisting of 
waaFwaaCwapGwaaPwapPwapQ is associated with the production of 
P aeruginosa core OS"^^’ By using a similarity search program 

called Basic Local Alignment Search Tool (BLAST); National Center for 
Biotechnology Information [http://www.ncbi.nlm.nih.gov/]), we compared 
the nucleotide sequence of the operon to the whole genome sequence of 
P aeruginosa PAOl and found that these genes are part of a larger gene cluster. 
The PAOl core OS gene cluster (Figure 3) appears to contain four independently 
regulated operons that span the region corresponding to PA5012-PA4996 of 
the PAOl genome (PseudoCAP [http://www.cmdr.ubc.ca/bobh/PAAP.html]; The 
Pseudomonas Genome Project^^^). At the 5' end of the core cluster, waaF 
(PA5012) is the first gene of the major operon that contains 12 contiguous open 
reading frames (ORFs), which include waaFwaaCwapGwaaPwapPwapQ. 
These first six genes are involved in inner-core biosynthesis. 

How the last six ORFs of the waaF operon contribute to core OS biosyn- 
thesis is not well understood. The ORF after wapQ, PA5006, encodes a protein 
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Figure 3. The genetic organization of the core OS biosynthetic gene cluster of P. aeruginosa 
strain PAOl. The predicted genes are designated by their ORF numbers (e.g., PA5012-PA4996), 
which has been assigned based on analysis of the PAOl genome by Stover et al}''^. Those proteins 
whose function has been characterized experimentally or have significant homology to known 
proteins in the database have been assigned a gene name, for example, waaF, waaC, wapG, waaP, 
wapP, wapQ, wapR, waaL, msbA and hldE. The function of the gene products of this core cluster 
are described in detail in Sections 3. 2-3. 4. Scale bar equals 1 kb. 
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with some kinase-like features and it is hypothesized to be involved in 
phosphorylation of the inner-core region. Investigations in our laboratory and 
annotation information (PseudoCAP) have revealed that PA5005 and PA5004 
may encode a putative carbamoyltransferase and glycosyltransferase, respec- 
tively. The next ORP, PA5003, is annotated (PseudoCAP) to encode a protein 
that is 48% similar to the protein encoded by mig-14 of Salmonella 
typhimurium, which may be a putative transcriptional activator^^^. The mig-14 
gene is a host-induced virulence gene under the control of the PhoP/PhoQ 
two-component system^^^. This gene is required for fatal infection in a model 
of enteric fever^^^ and plays a role in bacterial resistance to antimicrobial 
peptides^^. Attempts in our laboratory to create a null mutation in PA5003 in 
E aeruginosa PAOl have been unsuccessful, implicating that its gene product 
is essential for viability in R aeruginosa. This result is in contrast to those 
obtained for S. typhimurium, where a mig-14 mutant has been generated^^. The 
mechanism by which mig-14 contributes to pathogenicity in S. enterica is not 
yet known, therefore, it would be difficult to speculate the function of PA5003 
in E aeruginosa LPS synthesis. The last two ORFs of the waaF operon, PA5002 
and PA5001, have no significant homology to any known proteins. Therefore, 
it remains to be determined as to what role these ORFs play in LPS-core 
biosynthesis. 

Located at 158 bp downstream of the last ORF of the waaF operon is a 
single gene, wapR (PA5000), which encodes a rhamnosyltransferase involved 
in outer-core assembly^"^^. This gene is followed by two divergently transcribed 
operons, each of which contains two genes. The two-gene operon closest to 
wapR contains ORFs PA4998 and PA4999. Although PA4998 has no proposed 
function, PA4999 most likely encodes WaaL, the 0-antigen ligase. Using a pre- 
diction of transmembrane helices in proteins program (tmhmm version 2.0; 
Center for Biological Sequence Analysis, The Technical University of Denmark 
[http://www.cbs.dtu.dk/services/TMHMM-2.0/]; refs [99], [171]), the protein 
encoded by PA4999 has 1 1 membrane spanning domains and its hydropathy 
profile is similar to those obtained from known WaaL proteins from E. coli and 
S. enterica^^. The second two-gene operon contains two ORFs (PA4997 and 
PA4996), which encode proteins similar to E. coli msbA and hldE. E. coli MsbA 
has been shown to be an essential ABC transporter for LPS^^’ while hldE 
encodes a bifunctional D-P-D-heptose-7-phosphate kinase/o-P-D-heptose- 
1 -phosphate adenylyltransferase required for synthesis of ADP-L,D-Hep, the 
activated nucleotide donor for heptose residues for the inner core^^’ 

Regulation of transcription elongation of PS gene clusters in many 
different organisms is controlled by RfaH and the ops element (operon /?olarity 
5uppressor)^®. RfaH is a processive elongation factor and the ops 
element is the nucleic acid recognition site for RfaH^. It is hypothesized that 
this system modifies the RNA polymerase complex to increase its processivity 




Lipopolysaccharides of Pseudomonas aeruginosa 



15 



and allows transcription to proceed over long distances. The ops element is 
a single 8-bp motif, 5'-ggcggtag-3', which has been found upstream of poly- 
saccharide gene clusters from Esherichia coli, Salmonella spp., Shigella 
flexneri, Yersinia enterocolitica, Vibrio cholerae and Klebsiella pneumoniae^^ , 
as well as in the RP4 fertility operon of R aeruginosa^^^ . In the P aeruginosa 
waaF operon of 12 genes, an op^ element seems very likely; however, an ops 
consensus sequence could not be located upstream of the waaF operon. 

3.3. Enzymes for Inner-Core Oligosaccharide 
Synthesis 

In R aeruginosa strain PAOl, an operon containing three genes, pyrG, 
kdsA and eno is involved in the biosynthesis of the Kdo residue, which is 
the first sugar of the inner core^^^. One of the steps in Kdo synthesis involves 
the condensation of phosphoenolpyruvate and arabinose-5-P to form Kdo-8-P 
and this reaction is catalyzed by a Kdo-8-P synthase called KdsA^^^. Kdo-8-P 
is activated to cytidine monophosphate Kdo (CMP-Kdo) with cytidine 
triphosphate (CTP) as the nucleotide donor and CMP-Kdo serves as the acti- 
vated sugar donor for transfer of Kdo residues to lipid A by the putative KDO 
transferase, encoded by PA4988 (PseudoCAP). PyrG is a CTP synthetase, 
which catalyzes the transfer of ammonia to UTP to form CTP. Eno is involved 
in the formation of phosphoenolpyruvate. R aeruginosa PyrG, KdsA and Eno 
are 69%, 69% and 77% identical to PyrG, KdsA and Eno of E, coli, respec- 
tively. R aeruginosa kdsA was shown to rescue a 42°C temperature-sensitive 
S. typhimurium kdsA mutant for growth at 42°C. The Kdo-8-P synthase activity 
of E. coli carrying R aeruginosa kdsA on a plasmid was almost 6-fold higher 
than that of a control E. coli strain carrying a vector with no gene^^^. 
R aeruginosa pyrG could complement the growth of an E. coli pyrG mutant 
that is auxotrophic for cytidine. The pyrG operon is located outside the waaF 
gene cluster and a sigma-70 like promoter upstream of pyrG initiates 
transcription of the genes in this operon^ 

The first two genes of the waaF operon, waaF and waaC, encode 
heptosyltransferases I and II that are required for assembly of the heptose 
region of the inner core"^^. WapG has homology to E. coli WaaG, which is a 
UDP-glucose (heptosyl) EPS a-l,3-glucosyltransferase, that transfers d-G1c 
from UDP-d-GIc to HepII of the inner core^®^. The first sugar of the outer core 
in E. coli is d-G1c. In contrast, the first outer-core residue in R aeruginosa is 
A-(L-alanyl)-D-galactosamine. The homology between WaaG and WapG may 
be based partially on a common a- 1,3 linkage of the first hexose residue to the 
acceptor molecule, HepII-inner core. We hypothesize that WapG transfers 
D-GalNAc from UDP-o-GalNAc to L,D-HepII of the inner core. Subsequently, 
D-GalNAc is deacetylated, followed by the addition of L-alanine, as by yet. 
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unidentified enzymes. Although many different strategies were used, a wapG 
mutant cannot be generated. P. aeruginosa wapG is unable to complement 
the LPS defect in an E. coli waaG mutant, demonstrating that despite the 
sequence similarity between WapG and WaaG at the protein level, these 
enzymes likely have different glycosyltransferase activities^^^. 

The heptose region of the inner core in P aeruginosa has been shown to 
be substituted with up to four phosphate moieties and so far, three genes, 
waaP, wapP and wapQ have been implicated in phosphorylation^^^. Amino 
acid sequence analysis shows WaaP, WapP and WapQ to contain consensus 
sequences of kinase-2 motifs. By performing nuclear magnetic resonance 
(NMR) and methylation linkage analysis, our group has demonstrated that 
WaaP is responsible for the addition of one phosphate to 04 of HepI^^^. The 
WaaP protein has been purified and the detailed kinetics of its heptose kinase 
activity were measured using an enzyme-linked immunosorbent assay 
(ELISA) developed in our laboratory^®^’ BLAST searches revealed that 
P aeruginosa WaaP shares homology with eukaryotic-type protein kinases 
that belong to the serine/threonine kinase and the tyrosine kinase family. WaaP 
has significant identity in the conserved, functional residues of the protein 
kinases, which include, for example, the amino acid residues that are thought 
to interact with the phosphate groups of ATP, the phosphate donor. The hypoth- 
esis that WaaP could also be a protein kinase in addition to a sugar kinase was 
substantiated by its ability to phosphorylate an exogenous tyrosine-containing 
substrate^^^. In addition, purified WaaP was found to exhibit auto- 
phosphorylation activities when assayed in a self-phosphorylation chemilumi- 
nescence-based ELISA using an anti-phosphotyrosine antibody. MALDI-TOF 
mass spectrometry and proteolytic peptide mapping studies of the full-length 
purified WaaP indicate that eight tyrosine residues are phosphorylated. The 
hypothesis that WaaP utilizes a catalytic mechanism similar to that of eukary- 
otic type protein kinases was validated by site-directed mutagenesis of key cat- 
alytic residues and subsequent complementation assays. Therefore, from the 
results of detailed biochemical characterization studies, we conclude that 
P aeruginosa WaaP is capable of three distinct activities, sugar kinase activity, 
protein kinase activity and self-phosphorylating tyrosine kinase activity^^^. 
P aeruginosa WaaP also has homology to E. coli WaaP. Although both proteins 
have heptose kinase activity, these enzymes appear to be structurally 
different^^^’ Also, the E. coli WaaP protein does not contain the typical 
pattern of conserved domains that are characteristic of tyrosine kinases and no 
data has been reported to demonstrate protein tyrosine kinase activity for 
E. coli WaaP. Altogether, the additional protein kinase and auto-phosphorylating 
activities that P aeruginosa WaaP has, in addition to the lethality of the 
waaP mutation in P aeruginosa suggest that the mechanism by which the 




Lipopolysaccharides of Pseudomonas aeruginosa 



17 



inner-core heptose is phosphorylated in P. aeruginosa may be different than 
that of E. coli or that P aeruginosa WaaP may have another role in core assem- 
bly. Experiments to crystallize P aeruginosa WaaP is currently underway in 
our laboratory to help solve the mechanisms of the kinase activities. 

The functions of P aeruginosa WaaC, WaaF, WaaP and WapP in inner- 
core assembly was demonstrated by cross complementation of S. typhimurium 
waaC, waaF and waaP mutants, respectively, rather than by generating and 
characterizing defined P aeruginosa mutants in those respective genes. The 
rationale of using this approach is due to the fact that repeated attempts to cre- 
ate null mutations in P aeruginosa waaC, waaF, wapG, waaP and wapP were 
unsuccessful^^’ A chromosomal P aeruginosa waaP mutant was made 
only when the mutant was concomitantly carrying a copy of waaP in trans^^^ . 
In addition, despite numerous attempts by various research groups using 
different mutagenesis approaches, P aeruginosa EPS mutants lacking inner 
core L,D-Hep or phosphate have never been isolated. These observations sug- 
gest that L,D-Hep-linked phosphate is essential for viability. The inability to 
generate a P aeruginosa wapG mutant is consistent with this hypothesis and 
is further substantiated by comparing to the phenotype of an E. coli waaG 
mutant. The EPS from an E. coli waaG mutant is not only truncated after the 
inner-core heptose residues, but there is also an 80 % total reduction in heptose 
phosphorylation^^^. In E. coli, the addition of the first glucose residue of the 
outer core is required for complete phosphorylation of the inner core and is 
likely the reason why a P aeruginosa wapG mutant cannot be constructed. 

The observation of lethal consequences in P aeruginosa inner-core 
mutants is in contrast to E. coli and Salmonella, where EPS mutants that lack 
the heptose region of the inner core are viable, though they exhibit a “deep- 
rough” phenotype. Some of the characteristics of this phenotype include 
changes in surface hydrophilicity and hypersensitivity to hydrophobic anti- 
biotics, dyes and detergents^^^’ The phosphate moiety likely participates in 
ionic interactions with divalent cations thereby causing cross-linking between 
the EPS molecules and serves to stabilize the outer membrane. Cross-linking 
EPS molecules may be especially important in P aeruginosa since this bac- 
terium is highly susceptible to lysis by agents that chelate divalent cations, 
such as ethylenediamine tetra-acetic acid^^’ Thus, attempts to perform 
detailed characterization of the inner core genes of P aeruginosa has been 
hampered by the inability to create EPS null mutants. These mutants would be 
extremely important for two reasons. First, the phenotype of the mutant equiv- 
ocally shows direct involvement of the gene product in EPS biosynthesis. 
Second, EPS isolated from the mutant provides the specific substrate 
molecules for in vitro assays and consequently, facilitates biochemical 
characterization. 
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3.4. Genes for Outer-Core Oligosaccharide 
Biosynthesis 

The major sugar residues of the outer-core OSs are d-G1c and L-Rha and 
the nucleotide-activated sugar donors for addition of these sugars by glycosyl- 
transferases to the inner core are UDP-d-G1c and dTDP-L-Rha. AlgC is a key 
enzyme in polysaccharide synthesis in E aeruginosa because it is required for the 
synthesis of both UDP-d-G1c and dTDP-L-Rha and these nucleotide donors pro- 
vide sugar residues not only for the assembly of the core OS^^’ but also for 
0-antigen PS^ and rhamnolipids^^^. The algC gene encodes a bifunctional 
enzyme that has both phosphoglucomutase (PGM) and phosphomannomutase 
(PMM) activity. The PGM activity catalyzes the conversion of glucose- 
6-phosphate to glucose- 1 -phosphate (Glc-l-P), which is a common intermediate 
between the biosynthetic pathways for UDP-d-G1c and dTDP-L-Rha. The con- 
version of Glc-l-P to UDP-d-GIc is catalyzed by GalU, a UDP-D-glucose 
pyrophosphorylase, while the conversion of Glc-l-P to dTDP-L-Rha requires 
numerous reaction steps catalyzed by the rmlBDAC operon. Synthesis of dTDP- 
L-Rha in bacteria has been characterized at the biochemical level^^’ and the 
three-dimensional structure of RmlA from E aeruginosa as well as the enzymatic 
mechanism of this protein has been solved^^’ Mutations in rmlC and galU in 
E aeruginosa have been shown to abrogate the production of complete core 
Os47, 151 Yhe second enzyme activity of AlgC, the PMM activity, catalyzes the 
conversion of mannose-6-phosphate to mannose- 1 -phosphate, leading to the 
formation of GDP-D-mannose and GDP-D-manuronic acid. These are required 
for A-band PS^®^ and alginate synthesis^^^’ It is of interest to note that algC, 
galU and the rml operon are all located outside the waaF core gene cluster. 

Our genetic data suggest that the assembly of the two distinct outer-core 
glycoforms requires six glycosyltransferases, in addition to the glycosyltrans- 
ferase encoded by wapG, which transfers the first hexose sugar to lipid A- 
inner core. Two genes, wapR and migA, which encode two of the six 
glycosyltransferases are currently under investigation in our laboratory. wapR 
encodes the a-l-3-rhamnosyltransferase that adds the rhamnose residue to the 
core that is required for the attachment of long chain PS whereas migA 
encodes the a-l-6-rhamnosyltransferase required for the assembly of 
uncapped core glycoform. These functional assignments are based on the 
evidence of the LPS phenotypes and complementation results observed in 
mutant constructs of wapR, migA in a PAOl background and migA in a PAK 
background^"^^’ Interestingly, wapR is located within the core LPS gene 
cluster while migA maps outside this locus. The gene, migA, was identified as 
a mucus inducible gene whose promoter was specifically inducible during 
growth in respiratory mucus obtained from CF patients A subsequent study 
revealed that migA is highly expressed in the CF lung environment and is 
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regulated by the Rhll/RhlR quorum sensing regulatory system^^^. Although 
two consensus las-hox-likQ sequences were identified upstream of migA, it is 
not known which one or if both of the /a^-box-like sequences are required for 
migA expression. High-level expression of migA results in the loss of the core- 
plus-one 0-antigen form of LPS (also referred to as semi-rough LPS), whereas 
a migA mutation results in an increased amount of semi-rough LPS^^®. 
Expression of the MigA protein is also increased during biofilm formation"^^ 
and other groups have shown that there are significant changes in LPS expres- 
sion in P. aeruginosa during a biofilm mode of growth^^’ Up-regulation of 
the migA gene in the CF lung environment appears to increase the production 
of the uncapped form of core OS and this may promote a cell-surface change 
that favors survival of the bacterium in this environment. 



4. B-BAND POLYSACCHARIDE (O ANTIGEN) 

4.1. Structure of O Polysaccharides 

R aeruginosa produces 0-antigen polysaccharide (0-PS) that is referred 
to as B-band LPS^^^. The 0-PS consists of linear polymers of di- to penta-sac- 
charide repeating units. A prominent feature of the R aeruginosa 0 antigen is 
that it contains uronic acids, amino sugars and some rare sugars. For example, 
residues typically found in R aeruginosa O antigen include: 
A-acetylated 6-deoxyhexosamines (o-quinovosamine, d- and L-fucosamine), 
2,4-diamino-2,4-dideoxy-D-quinovose (o-bacillosamine) and acidic 
monoamino and diamino residues, d- and L-galactosaminuronic acid, 2,3- 
diamino-2,3-dideoxyuronic acids and 5,7-diamino-3,5,7,9-tetradeoxynonu- 
losonic acids (pseudaminic acid)^^. The chemical structures of many R 
aeruginosa 0-PS have been studied extensively^"^’ and the 0-PS of serotypes 

05, 06 and Oil are shown in Figure 4. Structural information of the 0-PS 
(specifically the primary structure or constituent sugar residues) and data from 
immunochemical investigations have led to the identification of 31 distinct O- 
antigen chemotypes^^’ The B-band O antigen is highly immunogenic and 
differences in the chemical structure of the 0-PS are responsible for the 
serogroup specificity of the respective strains^^. Many different serological 
typing schemes that distinguish R aeruginosa O antigens have been described 
and these include schemes by Habs^^, Sandvik^^^, Verder and Evans^^"^, 
Meitert^^^, Wokatsch^^^, Lanyi^^^, Fisher^^, Akatova and Smirnova^ and 
Homma^^. The classification scheme currently used by most laboratories is the 
International Antigenic Typing Scheme (lATS), which describes 20 reference 
serotype strains of R aeruginosa^^^’ A comprehensive review of how the 
different classification schemes compare in type numbers and antigenic 
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A. Serotype 05 

^4)-p-D-Man(2NAc3N)A-(1 -»4)-p-D-Man(2NAc3NAc)A-(1 ^3)-a-D-FucNAc-(1 ^ 
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CH3C=NH 

B. Serotype 06 
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Figure 4. 0-antigen structures of serotype (A) 05, (B) 06 and (C) Oil. Man(2NAc3N*)A, 
2-acetamido-3-acetamidino-2,3-dideoxy-mannuronic acid (* represents CH 3 C = NH); 
Man(2NAc3NAc)A, 2,3-acetamido-D-mannuronic acid; FucNAc, A-acetylfucosamine; 
GalNAcA, A-acetylgalactosaminuronic acid; GalNFmA, 2-deoxy-2-formamido-galacturonic 
acid; QuiNAc, A-acetylquinovosamine; Rha, rhamnose; and Glc, glucose. The 0-acetyl and amino 
group substitutions are abbreviated as -OAc and -NH 2 , respectively. Structures are based on 
refs [97], [98]. 



constituents of the O antigens has been provided by Stanislavsky and Lam^^^. 
Serotyping of P. aeruginosa strains is normally performed using polyclonal 
antisera that have been adsorbed to improve specificity against a specific 
serotype. To provide improved specificity and sensitivity, monoclonal anti- 
bodies specific for the first 17 of the 20 lATS serotypes have been pro- 
duced^^"^’ while polyclonal antisera against lATS serotypes 18-20 are also 
available^ 

A.2. Overview of O-Antigen Biosynthesis 

The biosynthesis of heteropolymeric 0-antigen LPS begins in the cyto- 
plasm with the synthesis of nucleotide-activated sugar donors. The first step in 
the synthesis of these nucleotide-activated sugars is the reaction between 
sugar- 1 -phosphates and their respective nucleoside triphosphates to form indi- 
vidual nucleoside diphosphate (NDP)-activated sugar precursors. Next, differ- 
ent biosynthetic pathways generate the complex sugar residues that are found 
in E aeruginosa PSs. Once synthesized, the nucleotide-activated sugars act as 
donor molecules for the sequential addition of sugar residues by glycosyl- 
transferases onto the lipid carrier molecule, undecaprenol phosphate, to gen- 
erate individual O units. These single O units are then translocated from the 
cytoplasmic face of the inner membrane to the periplasmic face by an 0-unit 
translocase or flippase protein called Wzx^^. The O units are polymerized into 
the 0-antigen PS by the transferase activity of the 0-antigen polymerase. 
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The chain length regulator protein called Wzz regulates the length of 
the PS generated by the Wzy protein^^. The majority of the genes encoding 
these proteins as well as the enzymes involved in the biosynthesis of the 
nucleotide-activated precursor sugars are located in one 0-antigen biosynthetic 
gene cluster. After assembly of the PS, the 0-antigen ligase, WaaL, transfers the 
O antigen to the core-lipid A to make the finished LPS molecule that is then 
transported to the outer leaflet of the outer membrane. This assembly process is 
based on the Wzy-dependent assembly model of 0-antigen biosynthesis, which 
has been extensively reviewed^^^’ Characterization of the 0-PS assembly 
genes designated as wz* in R aeruginosa have been performed using mainly an 
approach whereby knockout mutants were constructed and the resultant LPS 
phenotypes were examined immunochemically and structurally to reveal that 
B-band LPS assembly follows the wzy-dependent assembly model^^^. 

4.3. Genes of the B-Band Gene Clusters 

The genetics of B-band biosynthesis in R aeruginosa has been 
reviewed^^^. It is important to note that in many of the early studies in the lit- 
erature, assignment of putative function of the gene products of the 0-antigen 
gene cluster mainly relied on: (a) similarity to other known proteins (most of 
which have not been characterized at the biochemical level), (b) LPS pheno- 
types of null mutants, and (c) data from cross-complementation experiments 
with genes from other organisms. In contrast, within the past few years, our 
group has focused on determining the biochemical activities of the enzymes 
encoded by the genes in the 0-antigen biosynthetic locus. The significance of 
this work reaches beyond the scope of R aeruginosa LPS biosynthesis because 
many of the R aeruginosa enzymes involved in sugar nucleotide biosynthesis 
are representative members of families of similar enzymes found in other 
medically important bacteria. 

In general, 0-antigen biosynthesis in R aeruginosa is best understood in 
strain PAOl (serotype 05). Strains producing 06 and Oil O antigens, how- 
ever, are the most frequently encountered serotypes isolated from the hospital 
setting and the environment^^’ A report by MacIntyre et al}^'^ has 

shown that in the Polyvalent Extract Vaccine (Wellcome Biotechnology), the 
predominant protective component against R aeruginosa infection is LPS 
from I ATS serotype 06. The Oil serotype strains are also important in the 
medical community because of their association with a multidrug resistance 
phenotype Thus, the 0-antigen gene clusters for R aeruginosa serotypes 
05 and 06 have been characterized in detail by our group^^’ and the 0-antigen 
cluster of serotype Oil has been characterized by Goldberg and her 
colleagues'^^. The gene names within the three clusters have been assigned in 
accordance with bacterial polysaccharide synthesis gene nomenclature 
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Figure 5. The genetic organization of the B-band biosynthetic gene clusters for serotypes 05, 06 
and Oil. Genes involved in the biosynthesis of the O unit (A) in 05 are designated wbpA through 
wbpM, (B) for serotype 06, wbpO through wbpV and (C) for serotype Oil, wbjA through wbjF. 
The genes that encode the flippase, 0-antigen polymerase and 0-antigen chain length regulator, 
are designated wzx, wzy and wzz, respectively. Black arrows designate genes involved in the 
biosynthesis of nucleotide-activated precursor sugars, gray arrows represent genes involved in 
polymerization and assembly, hatched arrows represent genes that encode glycosyltransferases 
and white arrows represent ORFs whose functions have not been shown to correlate with LPS 
biosynthesis. All three loci are shown on the same scale; bar equals 1 kb. The assignment of gene 
functions are based on data from refs [17], [26], [46], [152]. 



Burrows et al}^ were the first to characterize a complete cluster of genes 
involved in the biosynthesis of the O antigen in strain PAOl (serotype 05). 
The genes that encoded the flippase, 0-antigen polymerase, and 0-antigen 
chain length regulator, were named wzx, wzy and wzz, respectively. Other 
genes involved in the biosynthesis of the O unit in 05 were designated wbpA 
through wbpM (Figure 5A). The 0-antigen gene cluster of serotype 06, 
possessed ORTs that are highly homologous to wzz, wzx, wbpL and wbpM 
of PAOl, and were thus given the same names and presumed to have the 
same function. The other 0-antigen genes in the 06 cluster are designated 
wbpO through wbpV (Figure 5B). A unique feature in the 06 cluster is the 
absence of an 0-antigen polymerase gene, wzy. The serotype Oil 0-antigen 
gene cluster contains wzz, wzx, wxy, wbpL and wbpM mA the other genes were 
designated wbjA through wbjF by Dean et (Figure 5C). 

4,4, Genetic Diversity of the 20 B-Band 
O-Antigen Gene Clusters 

Burrows et al?^ showed that the 5' end of the B-band gene clusters con- 
tains the “serogroup-specific” region while the 3' end contains a conserved 
gene, wbpM. Comparison of the sequence data from serotypes 05, 06 
and Oil gene clusters revealed a conserved himDUhfB gene at the 5' end and 
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wbpM at the 3 ' end^^’ Assuming the B-band clusters resided in a common 

location on the P. aeruginosa genome, Raymond et al}^^ used a yeast recom- 
binational cloning technique and successfully cloned the 0-antigen gene clus- 
ters from all 20 lATS reference serotype strains. This technique has proven to 
be broadly applicable for targeted cloning of DNA sequences within genomic 
DNA, provided that the flanking sequences of the genes of interest are known 
and conserved. Sequencing of the 20 serotype 0-PS gene clusters was suc- 
cessfully achieved by Raymond et al}^^. The sequence data along with the 
known structures of the 20 0-PS antigens^"^’ have been invaluable for stud- 
ies to attain an overall understanding of the relationships between the biosyn- 
thetic pathways of the different 0-PS. 

The boundaries of the 20 B-band gene islands are found within a sharp 
20-bp sequence at the 5' end and within the wbpM gene at the 3' end^^^. The 
20 B-band gene islands have mol% G+C contents ranging from 46 to 55 (see 
ref. [152]). This is in marked contrast to the overall mol% G+C content of the 
R aeruginosa PAOl genome, which is 67 (see refs. [139, 176]). The wbpM 
gene, however, has a mol% G+C content of approximately 62. This unusual 
discrepancy in base composition of the B-band genes is consistent with the 
theory that these gene clusters have been acquired by horizontal transfer from 
other bacterial species whereas the wbpM gene may be an ancestral R 
aeruginosa gene. In several members of the Enterobacteriaceae, which pro- 
duce hetero-polysaccharide 0 antigens, the 0-antigen gene cluster is also 
located in a conserved locus on the genome, flanked by galF and gnd at the 5' 
and y end, respectively^^’ More recently, a highly conserved 39-bp 
element, the JUMPstart sequence (Just [/pstream of Many Polysaccharide- 
associated gene starts', ref [76]) has been used as the 5' sequence for designing 
primers for PCR-based cloning and sequencing of the 0-antigen regions of E, 
coli 0157^^^ and several Shigella serotypes^^. So far, this JUMPstart sequence 
has not be localized near the 5' end of the R aeruginosa B-band gene clusters. 

Cloning and sequencing of the 0-antigen biosynthetic loci from the 20 
I ATS reference strains by Raymond et alP^ revealed 11 distinct gene clusters 
that are highly divergent from one another at the DNA sequence level. Each of 
the B-band gene islands from serotypes 01, 04, 06, 09 and 012 is a distinct 
gene cluster. Other distinct gene clusters are the ones shared by two O serotypes 
including 03 and 015, 07 and 08, OlO and 019, 01 1 and 017, 013 and 014. 
B-band gene islands of serotypes 02, 05, 016, 018 and 020 are 98% identical; 
thus, they belong to a single group^^^. This observation substantiates previous 
results based on Southern hybridization^^ and serotyping experiments using 
0-specific and cross-reactive monoclonal antibodies^^^. Enzymes expressed by 
genes that map outside the B-band gene cluster likely contribute to the chemical 
variability of the 0-antigen structures within these groups. However, there are a 
few strains that produce O antigen, as shown by positive reactivity to serotyping 
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antibodies, but contain what appears to be a non-functional B-band gene cluster 
in the himD/ihJB-wbpM region^^^. For example, lATS reference strain 33362 
produces 015 O antigen, yet the himDIihJB-wbpM region is devoid of a com- 
plete 0-antigen gene cluster. Instead, there is only a small gene, orfA (which is 
most similar to the orfA of serotype Oil) and the 3' end half of the wbpMgQxvQ. 
A second lATS 015 reference strain obtained from the strain collection of 
Dr. Stephen Lory (Department of Microbiology and Molecular Genetics, 
Harvard Medical School, Boston, MA) also produced 015 0 antigen, yet within 
the himD/ihfB-wbpM region there was a copy of the serotype 03 gene cluster 
that was interrupted in three different genes by insertional elements. This clus- 
ter is thought to be non-functional. A non-fimctional B-band gene cluster has 
also been identified in lATS reference strain 017 by two independent groups"^^’ 
The cryptic gene cluster in the himDUhfB-wbpM region is that of serotype 
Oil and is punctuated with insertion elements. It is interesting that both of the 
residual B-band gene clusters in the serotype 015 and 017 strains are of Oil 
origin. These data imply that the genes involved in B-band synthesis for these 
strains reside elsewhere on the chromosome. Interestingly, the genome of R 
aeruginosa strain PAOl contains not only the wbp 05 B-band gene cluster, 
which is located on the genome at ORFs PA3160-PA3141, but also contains two 
other putative gene clusters involved in polysaccharide synthesis located at 
ORFs PA1381-PA1393 and PA2231-PA2240^^^ (PseudoCAP [http://www.nature. 
com/nature/joumal/v406/n6799/extref/406959ai6.jpeg]; Pseudomonas Genome 
Project^^^). 

The B-band gene clusters of serotypes 02, 05, 016, 018 and 020 are 
98% identical^^^, thus, the subtle variations in the structures among these 
serotypes must be due to genes that are unlinked to this locus. Modifications 
of the 0-PS have been shown to occur by the action of lysogenic bacterio- 
phages. For example, bacteriophage D3, which lysogenizes R aeruginosa 
strain PAOl, causes two major changes in the 05 O antigen. Firstly, the C-4 
position of the FucNAc residue is 0-acetylated (characteristic of serotype 
020), and the linkage between the O units is changed from a 1-4 to pi-4 
(change from serotype 05 to 016)^^^ The bacteriophage D3 genome contains 
three genes required for “serotype conversion,” an mhibitor of the 
a-/?olymerase {iap)\ an 0-acetylase {oac)\ and a (3-polymerase (wzy^y^^. 
Transformation of the iap gene into PAOl and other serotype 05 strains 
showed inhibition of Wzy activity in vivo and allows the phage encoded 
P-polymerase to form new P-linked B-band LPS. The phage-encoded lap 
inhibitor is a novel peptide because it is capable of inhibiting B-band LPS con- 
taining ot-linked O units in different R aeruginosa strains. Investigations are 
underway in our laboratory to understand the mechanism of action of this PS 
inhibitor because it may provide valuable information for the development of 
potential LPS inhibiting drugs. 
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4,5. Conserved Proteins of the B-Band Gene Clusters 

Analysis of the 20 lATS B-band gene clusters by Raymond et al}^^ 
revealed that although there is a lack of conservation at the nucleotide 
sequence level, there is a certain degree of conservation in the organization of 
the genes. This is an intriguing observation considering the differences in 
chemical structures of the sugar residues that exist between the 0 serotypes. 
Located at the 5' end of each gene cluster is a wzz gene, which encodes the 
0-antigen chain length regulator protein. Two distinct Wzz proteins, Wzzl and 
Wzz2, have been identified in R aeruginosa strain PAOl (serotype 05)^^’ 
wzzl is located at the 5' end of the B-band gene cluster, while wzz2 maps out- 
side this locus. Wzzl regulates the production of two preferred 0-antigen 
chain lengths in serotype 05 that equate to 12-16 and 22-30 0-antigen repeat 
units, whereas Wzz2 imparts the chain length of approximately 40-50 repeats. 
Daniels et al?^ investigated the relative distribution of 05-specific Wzzl and 
Wzz2 within the 20 serotypes and found that serotype strains 01, 02, 05, 
016, 018 and 020 express a Wzzl protein that is unique to this cross-reactive 
group, while Wzz2 is conserved among all 20 lATS reference strains. Based 
on the sequence data of P aeruginosa B-band 0-antigen gene clusters by 
Raymond et alP^, we now know that the serotype-specific wzzl gene is 
located at the 5' end of each of the 20 0-antigen clusters. 

0-PSs from the 20 different serotypes exhibit different chain length 
distributions and the exact mechanism by which Wzz proteins function in 
controlling modal chain length is not completely understood. Two different 
models have been proposed to describe the Wzz-dependent chain length regu- 
lation. The first model proposed by Bastin et al}^ indicates that Wzz acts as a 
“timing clock” to modulate chain length during its interaction with Wzy poly- 
merase, whereas the second model described by Morona et alP^ suggests that 
Wzz acts as a molecular chaperone in a complex with Wxy and WaaL to con- 
trol 0-PS chain length. Furthermore, it has been postulated that modal chain 
length is determined at the ligation step^^^. This would require the interaction 
of Wzz and Wzy with the 0-antigen ligase (WaaL) so that PS of the preferred 
chain length is ligated to the lipid-A core. In contrast to this postulate, Daniels 
et al?^ showed that modal chain length-distributed 0-PS antigen in E aeruginosa 
strain PAOl (serotype 05) occurs on the growing undecaprenylpyrophosphate- 
bound 0-antigen polymer, before ligation to the core-lipid A. In addition, by 
performing immunoprecipitation and Western immunoblotting experiments, 
our group has provided the evidence to show that both Wzzl and Wzz2 
proteins are associated with the growing 0-antigen polymer, which is cova- 
lently attached to the undecaprenol phosphate^^. To define the molecular mech- 
anisms of regulation of 0-antigen chain lengths, other approaches will be 
attempted in future experiments including overexpression of the proteins, protein 
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purification and the use of biophysical methods to measure protein-protein 
interactions. 

The 3' end of the B-band gene clusters contain four genes of conserved 
gene order among most of the 20 serotype LPS gene islands. These four genes 
encode proteins designated as WbpH, WbpK, WbpL and WbpM in serotype 
05^^, WbpU, Wbpy WbpL and WbpM in serotype 06^^ and WbjE, WbjF, 
WbpL and WbpM in serotype 011"^^. Raymond et al}^^ annotated these proteins 
according to the Protein Emilies database of alignments and HMMs (Pfam; refs 
[13], [14]) and their results showed that WbpH, WbpU, WbjE and WbpL belong 
to glycosyltransferase families while WbpK, WbpY WbJF and WbpM belong to 
the NAD-dependent epimerase/dehydratase family and the polysaccharide 
biosynthesis protein family, respectively (a complete list of the annotated pro- 
teins can be found at the website for the University of Washington Genome 
Center at http://www.genome.washington.edu/uwge/0-antigen/). The putative 
functions of these proteins in the synthesis of each of the three different 
0 antigens has been described previously^^’ Functional assignment to 
genes based on in silico analysis can only be regarded as “putative” unless more 
experimental data can be obtained to substantiate such assignments. Therefore, 
our group has been focusing on performing in-depth genetic and biochemical 
characterization to determine their functions. It is important to note that even a 
single family of proteins may contain enzymes with a wide variety of functions. 
Since mutations in wbpH, wbpK, wbpL and wbpM have been shown to be 
essential for 0-antigen synthesis in strain PAOl (serotype 05)^^’ the 

individual functions of the gene products and their homologues in the other 
E aeruginosa serotype strains have been further characterized. 

WbpL is a unique enzyme because it is a bifimctional glycosyltrans- 
ferase that initiates assembly of both B-band O antigen and A-band common 
antigen. R aeruginosa wbpL mutants constructed in serotypes 02, 05, 06, 07 
and 016 backgrounds showed the requirement of this gene in the production 
of both B-band and A-band PS^^’ To begin assembly of the individual 
0 units, WbpL transfers the first sugar residue of the 0 unit to the unde- 
caprenol phosphate lipid carrier (Und-P), and this sugar-PP-Und acts as a scaf- 
fold for the sequential addition of sugars by the 0-antigen glycosyltransferases. 
To initiate assembly of A-band common antigen, WbpL transfers GlcNAc-1-P 
to Und-P^^^ and GlcNAc-PP-Und is the acceptor for the sequential addition of 
D-rhamnose by A-band specific glycosyltransferases to assemble the common 
antigen. Evidence to support this hypothesis includes the similarity of WbpL 
to WecA from E. coli. WecA is a GlcNAc-1 -phosphate transferase that transfers 
GlcNAc-1-P from UDP-GlcNAc to Und-P to initiate 0-PS synthesis as well as 
enterobacterial common antigen in E. coif’ Cross-complementation 

experiments show that wecA can complement A-band but not B-band synthesis 
in a i? aeruginosa wbpL mutant^^^ WbpL from the different serotypes must 




Lipopolysaccharides of Pseudomonas aeruginosa 



27 



have different sugar specificities since the first sugar residues of the 0 units of 
the different serotypes vary. Substrate specificity of WbpL from serotype 05 
(WbpLos) and 06 (WbpLo6) was investigated using cross-complementation 
experiments. The first sugar of the 0 unit of serotype 05 and 06 are 
d-FucNAc and D-QuiNAc, respectively. wbpLo^ could completely restore 
A-band and B-band synthesis in the serotype 06 wbpL mutant strain. In con- 
trast, although wbpLo(, could completely complement A-band synthesis in the 
serotype 05 wbpL mutant, it could only partially complement B-band synthe- 
sis^^. The WbpLo6 enzyme appears to be less efficient at recognizing UDP-d- 
FucNAc as a donor, while WbpLos readily recognizes both UDP-d-FucNAc 
and UDP-D-QuiNAc. The relaxed specificity of WbpL appears to be similar to 
that of E. coli Wee A, which can initiate polymers by the formation of Und-PP- 
GalNAc as well as Und-PP-GlcNAc in some E. coli strains^. 

The gene that encodes the glycosyltransferase that acts after WbpL in 
the assembly of the 0 unit corresponds to wbpH, wbpU and wbjE from 
serotypes 05, 06 and Oil, respectively. In many 0-antigen gene clusters from 
other organisms, the genes that encode glycosyltransferases are organized in 
the opposite order to which the enzyme would act^^^’ For example, in a 
trisaccharide 0 unit assembled on Und-P, the gene closest to the 3' end of the 
gene cluster that encodes a glycosyltransferase would transfer the first sugar 
to Und-P, and in the case of R aeruginosa, has been shown to be WT)pL. The 
glycosyltransferase that acts after WbpL to transfer the second sugar residue is 
proposed to be encoded by a gene slightly upstream of wbpL in the operon, 
such as wbpH in serotype 05. Although a null mutation in wbpH of serotype 
05 abrogates the production of 0 antigen, there is no further data to substan- 
tiate which sugar residue it transfers. Knirel^"^ has reported the structures of the 
0-PS of many different serotypes of E aeruginosa; however, the exact order of 
the sugars within an 0-PS unit had not been resolved in that report, making it 
difficult to predict the enzyme-substrate reactions that would occur. Recently, 
the structure and order of the sugars within the O unit and attachment site of 
the O unit to the core OS for serotypes 05, 06 and Oil have been deter- 
mined^®’ and this information is crucial for the design of glycosyltrans- 
ferase assays to prove transferase functions. It is interesting that despite the 
differences in sugar residues between the serotypes, WbpL and the second gly- 
cosyltransferase to assemble the 0 unit upon Und-P are relatively conserved. 

wbpM defines the 3' boundary of the B-band gene islands. Its gene 
product, WT)pM, has been overexpressed, purified and characterized at the 
biochemical level. This protein is a bifunctional UDP-GlcNAc C-6 dehy- 
dratase/C-4 reductase that converts UDP-d-G1cNAc to UDP-D-QuiNAc^®’ 

It is thought that WT)pK then catalyzes the conversion of UDP-o-QuiNAc to 
UDP-d-FucNAc and it is d-FucNAc that is required for serotype 05 
O antigen^^’ Biochemical data support the requirement of wbpM for the 




28 



Joseph S. Lam et al. 



synthesis of UDP-D-QuiNAc, UDP-d-FucNAc and its derivatives, including 
4-amino-D-QuiNAc { 4-amino-2,4,6-trideoxy-iV-acetylglucosamine [UDP- 
D-Bac (2Nac4N)]}. Interestingly, all 20 serotypes of P. aeruginosa contain 
although the O antigens are structurally distinct^^. A mutation in wbpM 
in serotypes 03 and OlO, which contain D-Bac(2NAc4N) in the O antigen, 
abrogates B-band synthesis. In contrast, in serotypes 015 and 017, which do 
not contain D-QuiNAc, d-FucNAc or D-Bac(2NAc4N) in their LPS, wbpM 
mutation in these serotypes has no effect on B-band LPS production. These 
data suggested that while all 20 serotypes possess wbpM, it is important for the 
serotypes possessing either QuiNAc or FucNAc as constituents of the O anti- 
gen but it is not universally required for 0-antigen biosynthesis. Homologous 
genes of wbpM have been identified in Bordetella pertussis (wlbL), 
Staphylococcus aureus (cap8D/cap5D), Yersinia enterocolitica {wbcP) and 
Helicobacter pylori (flaAl). Each of these WbpM homologues could comple- 
ment a P aeruginosa PAOl wbpM mutant to restore B-band 0-antigen pro- 
duction^^’ Biochemical studies of H. pylori FlaAl^^ and P aeruginosa 
WbpM^^ revealed that both proteins have identical functions catalyzing 
C-4 and C-6 dehydration of the substrate, UDP-iV-acetylglucosamine (UDP- 
GlcNAc), to yield UDP-QuiNAc as a reaction product. 

Two genes required for O antigen Wzy-dependent assembly are wzy 
and wzx, which encode the 0-antigen polymerase and 0-unit translocase, respec- 
tively. At the nucleotide levels, wz* genes (the asterisk represents either x, y, or z) 
do not share sequence homology with other genes; therefore, they are usually 
localized in the “serotype-specific” region of the LPS gene clusters. However, 
the proteins encoded by these genes, namely, Wzy and Wzx, in other organisms 
have been shown to be highly hydrophobic with 11-13 and 12 potential mem- 
brane-spanning domains, respectively"^®’ This provided the clue to 

identify putative wz* genes in P aeruginosa LPS clusters. By performing 
hydropathy scans of the P aeruginosa LPS gene clusters, ORFs that could poten- 
tially encode Wzy and Wzx proteins in all 20 clusters have been identified, with 
only serotype 06 as the notable exception^^’ that is, wzy presumably maps out- 
side the 0-antigen locus in the genome of serotype 06 strains. 

A wzy gene was cloned from P aeruginosa strain PAOl (serotype 05). 
Its function as an 0-polymerase gene became apparent when a knockout wzy 
mutant exhibited the characteristic “semi-rough LPS” phenotype. LPS from 
the wzy mutant is composed of lipid A-core capped with a single 0-antigen 
uniri^’ and similar results were observed in a subsequent study by Dean 
et al. on serotype 011"^^’ Due to the presence of multiple membrane-spanning 
domains in this gene, protein expression of Wzy was expected to be difficult. 
Thus far, there has not been any report on the purification of this protein. 

To characterize the function of wzx, a null mutant of this gene was 
constructed in P aeruginosa PAOl background; and consistent with our 
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hypothesis, LPS prepared from the wzx mutant was totally devoid of B-band 
LPS. Interestingly, the wzx mutation also led to a marked delay in the produc- 
tion of A-band LPS. This was not expected, since A-band LPS is composed of 
a homopolymer of D-rhamnose whose biosynthesis follows the ABC- 
transporter-dependent model^^^. Normal production of A-band LPS was 
restored when the wzx mutant was supplied with wbpL in trans. Burrows and 
Lam^^. proposed that the delay in A-band production might be due to insuffi- 
cient access to the glycosyltransferase WbpL, which may arise when the com- 
pleted B-band O unit is not successfully translocated to the periplasm. Since 
WbpL is also required for the initiation of A-band production, without ade- 
quate amounts of WbpL, assembly of A-band LPS is delayed. Evidence from 
studies on the WbpL homologues, S. enterica WbaP and E. coli WecA support 
the observation that these enzymes might play a role in the release of Und-PP- 
linked intermediates prior to being flipped to the periplasm, in addition to their 
role in initiation of PS synthesis^’ 



5. BIOSYNTHETIC PATHWAYS OF HEXOSE 
RESIDUES OF THE O ANTIGEN 

UDP-A-acetyl-D-glucosamine (UDP-d-G1cNAc) is a common precursor 
for the biosynthesis of A-acetyl dideoxy- and deoxysugars. To perform 
biochemical characterization of the enzymes involved in the biosynthesis of 
R aeruginosa B-band LPS, we have used a number of methods either individually 
or in combination. A j^-dimethylaminobenzaldehyde (DMBA) colorimetric assay 
for the detection of A-acetylated nucleotide-activated sugars was developed for 
analyzing the activity of WbpP. In addition, we also utilized a number of cutting- 
edge techniques including capillary electrophoresis (CE), mass spectrophotome- 
try (MS) and nuclear magnetic resonance (NMR). The method of CE provides 
exqui-site resolution for the separation of closely related compounds including 
epimers and isomers of sugar nucleotides. Using the aforementioned techniques, 
we were able to characterize the enzymes involved in the pathways for the biosyn- 
thesis of A-acetyl dideoxy/deoxy hexoses including UDP-A-acetyl- 
D-galactosamine (UDP-D-GalNAc)^^, UDP-A-acetyl-D-galactosaminuronic acid 
(UDP-o-GalNAcA)^®^, UDP iV-acetyl-D-quinovosamine (UDP-D-QuiNAc)^^, 
UDP-A-acetyl-L-fucosamine (UDP-l-FucNAc)^^ and UDP-A-acetyl- 
L-quinovosamine (UDP-L-QuiNAc)^^ (Figure 6). 

It is intriguing to observe that a majority of the proteins involved in these 
pathways belong to a large family of proteins called short-chain dehydrogenases/ 
reductases (SDR). The enzymes belonging to this family include dehy- 
dratases, dehydrogenases, epimerases, isomerases and reductases^"^^^’ 
Typically, these proteins contain 250-350 amino acid residues and catalyze the 
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UDP-D-G1cNAc 




WbpO 

(6-dehydrogenase) 



UDP-D-GalNAcA 




UDP-2-acetamido-2,6 dideoxy-L-talose 




UDP-2-acetamido-L-rhamnose 



WbjD/Cap5GAVbvD 

(2-epimerase) 



WbvD 

(2-epimerase) 



UDP-L-FucNAc 



UDP-L-QuiNAc 



Figure 6. Biosynthetic pathways that have been characterized to date for nucleotide-activated sugars, 
L-QuiNAc (A/-acetyl-L-quinovosamine), l-FucNAc (A-acetyl-L-flicosamine), L-RhaNAc (iV-acetyl-L- 
rhamnosamine), D-GalNAc (iV-acetyl-L-galactosamine), D-GalNAcA (A-acetyl-L-galactosaminuronic 
acid), from precursor UDP-d-G1cNAc (A-acetyl-D-glucosamine). The pathways were drawn based on 
data from refs [35], [36], [91], [93], [205]. 

oxidation/reduction reactions with a cofactor NAD(P)(H) binding domain at 
the amino terminus^"^^. There is low homology at the primary amino acid level 
among the enzymes in the SDR family. However, SDR family members invari- 
ably possess a nucleotide-binding signature motif, GXXGXXG (G is Gly, and 
X can be any amino acid) referred to as a Rossmann fold. As a result, SDR 
enzymes share similar tertiary structures at the cofactor-binding site. Another 
signature motif that they share is YXXXK (Y is Tyr and K is Lys) which is 
found at the active site of these enzymes^^^. The carboxyl terminus of these 
proteins is generally varied due to the particular substrate that they catalyze. 

5.1. Synthesis of UDP-A^-Acetyl-D-Galactosaminuronic 
Acid 

Two of the four residues of the serotype 06 0 antigen are galactosamin- 
uronic acid (a-D-GalNAcA) derivatives and a-D-GalNAcA is one of the most 
common acidic sugars identified in the LPS or capsular polysaccharides of 
numerous bacterial pathogens. Some examples of a-D-GalNAcA containing 
polysaccharides include: The 0-PS of P. fluorescens biovar Shigella-XHkQ 

E. coli 0121^"^®, Acinetobacter haemolyticus^^ and Vibrio anguillarum^^^, as 
well as capsular polysaccharides of S. enterica serovar Typhi^^, S. aureus^^^, 
and Vibrio vulnificus^^^’ 
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In P aeruginosa serotype 06, the iV-acetyl-D-galactosaminuronic acid 
(GalNAcA) residue of the 0 antigen was postulated to be derived from a 
nucleotide-activated form, namely, UDP-o-GalNAcA. Accordingly, this pre- 
cursor sugar should be synthesized in two steps, starting with UDP-d-G1cNAc 
as a substrate, which will be epimerized to form UDP-D-GalNAc. This is fol- 
lowed by an oxidation reaction at C-6 to convert UDP-o-GalNAc into UDP-d- 
GalNAcA. Two candidate genes that could encode the enzymes for the 
two-step pathway were identified as wbpP and wbpO in the 06 LPS gene 
cluster^ The products of these genes, WbpO and WbpP, show significant 
homology to S. enterica serovar Typhi WcdA and WcdB, respectively. WcdA 
and WcdB are required for the synthesis of the Vi polysaccharide, which 
is a homopolymer of a- 1,4, 2-deoxy-2-V-acetylgalactosaminuronic acid 
(GalNAcA)^"^’ B-band LPS production is abrogated when a mutation 

occurs in either wbpP or wbpO in P aeruginosa strain PAK (serotype 06). 
This LPS deficiency is fully restored after complementation with the wcdB or 
wcdA gene, respectively^^. In addition, WbpP shows 23% identity with the 
C-4 UDP-D-glucose epimerase, GalE, from E. coli and both of these proteins 
as well as other putative epimerases belong to the enzyme SDR family. 

To conduct biochemical characterization of WbpP, the protein was 
overexpressed and purified. Using CE, the activity of WbpP was shown to utilize 
UDP-d-GIcNAc to generate a new peak. This product peak migrated to the same 
area as the UDP-o-GalNAc standard sample, and proved that WbpP catalyzed 
the C-4 epimerization of the substrate to produce UDP-D-GalNAc. To facilitate 
kinetic measurements of the C-4 epimerase activity involving UDP-d-G1cNAc 
and UDP-D-GalNAc as substrates, a spectrophotometric assay using DMAB was 
developed. This assay allowed quantitative assessment of the kinetics of WbpP 
activities and its substrate specificity. Although WbpP showed similar values 
for binding UDP-d-G1c and UDP-o-Gal as compared to binding UDP-iV-acety- 
lated sugars, the catalysis of non-acetylated substrates is c. 1,000-fold less effi- 
cient than with acetylated ones (Table 1). Therefore, WbpP is specific for 
iV-acetylated substrates UDP-d-G1cNAc and UDP-D-GalNAc^^. An epimeriza- 
tion reaction is bi-directional, and at equilibrium, both the substrate and the 
product will be detectable in the reaction mixture. It was of interest to note that 
in vitro and at equilibrium of the enzyme-substrate reaction, 70% of UDP- 
D-GalNAc is converted to UDP-d-G1cNAc. In contrast, when UDP-d-G1cNAc 
was used as the substrate, 30% conversion to the product UDP-D-GalNAc was 
achieved. These findings correlate well with the values obtained, whereby 
binding of UDP-d-G1cNAc to the enzyme was less efficient than that of UDP- 
D-GalNAc (Table 1). Therefore, in vitro, the equilibrium is shifted toward the 
production of UDP-d-G1cNAc, and a shift of the equilibrium toward the pro- 
duction of the glucose isomer has previously been reported for E. coli GalE^^^. 
Thus, we proposed that in vivo, the next enzyme involved in the B-band LPS 
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Table 1. Kinetic parameters for WbpP, WbpORf, FlaAl, WbpM and 
their mutants as established by CE. 



Proteins 


(mM) 


^cat 

(min~^) 


(mM“^ min“^) 


Conditions 


References 


WbpP" 


224 ±17 


120 ±3 


536 ±57 


pH 7, 37 °C 


[35] 


WbpP” 


197 ±15 


271 ±7 


1375 ±143 


pH 7, 37 °C 


[35] 


WbpORf^' 


22.2 ± 1.2 


5.5 


0.25 


pH 8.5, 37 °C 


[205] 


WbpORf” 


7.79 ±0.19 


47.8 


6.13 


pH 8.5, 37 °C 


[205] 


FlaAl (wild type)" 


159 ± 15 


5.7 ±0.5 


335.9 ±6.7 


pH 7, 37 °C 


[37] 


WbpM (His-S262)" 


2770 ± 6 


168 ±14 


58.0 ±5.0 


pH 10, 30 °C 


[36] 


WbpM 438Y" 


1423 ±48 


55.0 ±5 


39.0 ±2.0 


pH 10, 30 °C 


[38] 


FlaAl Y141M" 


565 ±6 


1.7 ±0.0 


3.1 ±0.1 


pH 7, 37 °C 


[38] 


FlaAl Y141M" 


251 ±5 


3.9 ±0.1 


15.3 ±0.5 


pH 10, 37 °C 


[38] 



^UDP-d-GIcNAc was used as the substrate. 

'’UDP-D-GalNAc was used as the substrate. 

‘^The “Rf ” designation in WbpORf refers to the refolded enzyme. 



bios 3 mthetic pathway is responsible for pulling the reaction equilibrium toward 
the production of UDP-D-GalNAc^^. 

Two pieces of evidence indicated that WbpO is the enzyme that 
catalyzes the next reaction step in the pathway to convert the product of the 
WbpP reaction, UDP-D-GalNAc, to UDP-D-GalNAcA. First, wbpP and wbpO 
genes are contiguous in the 06 B-band LPS gene locus, and second, sequence 
analysis showed that WbpO has homology to other dehydrogenases. For bio- 
chemical characterization, WbpO was overexpressed and purified to homo- 
geneity. No enzymatic activity could be detected with the soluble form of this 
protein suggesting that WbpO might be folded incorrectly during expression. 
Therefore, WbpO was purified under denaturing conditions and refolding 
techniques were optimized to obtain enzymatically active WbpO^®^. 
Differences in the secondary structure between the soluble WbpO (nonactive) 
and refolded WbpO (active) proteins were detected by circular dichroism 
analysis and these data implied that the soluble and inactive WbpO is folded 
incorrectly. The refolded WbpO enzyme was used for detailed biochemical 
characterization. Since the predicted product of the reaction, UDP- 
D-GalNAcA, is not commercially available, there was no standard to confirm 
the identity of the reaction products. Therefore, it was necessary to couple CE 
with mass spectrometry and tandem mass spectrometry (CE-MS/MS) to iden- 
tify the reaction products. The results obtained by this approach equivocally 
demonstrated that WbpO catalyzed the conversion of UDP-D-GalNAc to UDP- 
D-GalNAcA. Kinetic investigation of WbpO showed a preference of WbpO to 
UDP-D-GalNAc over UDP-d-G1cNAc as the substrate. Moreover, the binding 
efficiency of UDP-D-GalNAc to the enzyme is about 25 times higher than that 
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for UDP-d-GIcNAc. The activity of WbpO for UDP-D-Gal, the nonacetylated 
form of UDP-D-GalNAc, was insignificantly low. These data revealed that 
WbpO is specific for the A-acetylated substrate, with a clear preference for 
UDP-D-GalNAc over UDP-d-G1cNAc. WbpO was the first UDP-GalNAc 
dehydrogenase to be characterized at the molecular and biochemical level^^^. 
By achieving the enzymatic characterization of WbpO, we have solved the 
two-step biosynthetic pathway of UDP-D-GalNAcA and provided the evidence 
to prove the hypothesis that we had put forth earlier, that in vivo in R aeruginosa, 
a second enzymatic step is pulling the equilibrium toward UDP- 
D-GalNAc formation in the first step, despite a preference for the reverse 
direction to form UDP-d-G1cNAc in the C-4 epimerization reaction catalyzed 
by WbpP 

5.2. Biosynthesis of UDP-A^-Acetyl-L-Fucosamine 

A-acetyl-L-fucosamine (l-FucNAc) is a constituent of the O antigen of 
R aeruginosa serotypes 04, 01 1 and 012^^, the O antigen of E. coli serotype 
026^^^, the capsule polysaccharide of Bacteroides fragilis^^ and of Gram- 
positive bacteria Streptococcus pneumoniae type 4^^ and Streptococcus aureus 
serotype 5 and 8 (see refs [60], [129]). It is important to note that the clinical 
isolates of R aeruginosa, S. aureus and S. pneumoniae produce PS that con- 
tain l-FucNAc^’ The three genes within the R aeruginosa Oil 

0- antigen gene cluster proposed to be involved in the biosynthesis of UDP- 

1- FucNAc are WbjB, WbjC, WbjD, which show 67%, 40% and 57% identity 
to S. aureus Cap5E, Cap5F, Cap5G and 62%, 42% and 51% identity to Orfl3, 
Orfl4 and Orfl5 of S. pneumoniae, respectively"^^’ 

In two separate studies, UDP-A-acetylmannosamine (UDP-D-ManNAc) 
was proposed to be the precursor for the biosynthesis of UDP-l-FucNAc^^’ 
Jiang et alF proposed a three-step pathway involving (a) a C-2 epimerization 
step in which UDP-d-G1cNAc is converted to UDP-D-ManNAc, followed by (b) 
a dehydration step to form UDP-4-keto-6-deoxy-D-ManNAc and (c) an epimer- 
ization and oxidoreduction step to form UDP-l-FucNAc. Lee and Lee^®^ also 
suggested a three-step pathway with UDP-D-ManNAc as the starting precursor. 
They postulated that UDP-D-ManNAc is first synthesized by the gene product 
of mnaA (not present in R aeruginosa 01 1 or E*. coli 026) and involves the fol- 
lowing steps catalyzed by three enzymes, (a) C-3 epimerization, (b) C-5 epimer- 
ization and (c) C-6 dehydration to form UDP-l-FucNAc. Recently, our 
laboratory has provided genetic and biochemical evidence to show that the three 
proteins WbjBAVbjCAVbjD of R aeruginosa serotype 01 1 are functional homo- 
logues of Cap5E/Cap5F/Cap5G of S. aureus and more importantly, these 
proteins possess enzymatic activities that use a different pathway than the 
aforementioned ones to synthesize UDP-l-FucNAc^^. 
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WbjB, WbjC and WbjD were overexpressed and purified to homogeneity. 
The first enzyme in the UDP-l-FucNAc pathway is WbjB. Based on the two 
pathways previously proposed by Jiang et alF and Lee and Lee^^^, UDP-d- 
ManNAc is a common precursor for UDP-l-FucNAc biosynthesis. No reaction 
could be observed when UDP-D-ManNAc and WbjB were added to the 
enzyme-substrate mixture. This observation is consistent with the fact that 
PA103 does not have the gene mnaA to produce UDP-D-ManNAc in vivo. Since 
several enzymes that we have examined utilize UDP-d-G1cNAc as a substrate, 
we were curious to test whether WbjB might also use the same substrate for its 
enzymatic activity. Putting WbjB and UDP-d-G1cNAc in an enzyme-substrate 
reaction revealed that WbjB is capable of completely converting UDP-d- 
GlcNAc into two detectable peaks as visualized by CE. WbjB requires cofactor 
NADP"^, but not NAD"^. In addition, WbjB is specific for converting UDP-d- 
GlcNAc and cannot utilize UDP-D-GalNAc and UDP-d-G1c as substrates. Time 
course studies show that the two peaks were in a ratio of 1 : 3 regardless of the 
incubation time, which is typical of epimerase reactions. The keto-intermediate 
products of WbjB were further analyzed by CE-MS which indicated that 
one product had a mass that is consistent with the C-4, C-6 dehydration product. 
CE-MS/MS analysis of the second reaction peak indicated that this product is 
UDP-2-acetamido-4-keto-3,6-dideoxy sugar. The first keto-intermediate which 
migrated faster than NADP"^ was purified by HPLC using an anion exchange 
column, lyophilized and analyzed by high-field NMR analysis to elucidate the 
chemical structure of the product. The product was determined to be a sugar 
nucleotide UDP-2-acetamido-2,6-dideoxy-a-D-xy/o-4-hexulose. The second 
intermediate was somewhat unstable; however, we were able to lyophilize this 
product following removal of the enzyme in the mixture by ultrafiltration and 
upon analysis by NMR, this second intermediate was shown to be UDP-2- 
acetamido-2,6-dideoxy-P-L-/yjco-4-hexulose. 

To test the enzymatic activities of the other Wbj proteins, UDP- 
d-GIcNAc was incubated in a “coupled” two-step reaction with WbjB and 
WbjC in the presence of cofactor NADP'^ and NADPH. The emergence of a 
new peak that comigrated with UDP-d-G1cNAc was observed. This product 
peak coincides with a decrease in the two peaks observed in the WbjB reac- 
tion alone on the capillary electropherogram. This reaction product was 
obtained by either using NADH as a cofactor, or by performing sequential 
reactions using WbjB, followed by WbjC with NADPH as a cofactor. To 
clearly identify the structures of the products from the enzyme-substrate reac- 
tions, the product peaks identified in CE-MS experiments were subjected to 
structural analysis with NMR. The new peak from the coupled WbjBAVbjC 
reaction was shown to be UDP-2-acetamido-2,6-dideoxy-P-L-talose (UDP-l- 
TalNAc). The structural identity of this product also revealed that WbjC, the 
second enzyme in the pathway, has the activity of a C-4, C-6 dehydratase. 
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Based on sequence analysis, WbjD showed homology to C-2 
epimerases. This is a logical fit with the final step of the cascade reaction, 
which requires an epimerization at C-2 of the product of the previous step, 
UDP-L-TalNAc, to produce UDP-iV-acetyl-L-fucosamine (UDP-l-FucNAc). 
Incubation of UDP-L-TalNAc with WbjD resulted in a new peak separable by 
CE that demonstrated identical mass and fragmentation patterns by CE- 
MS/MS to UDP-L-TalNAc. These results are consistent with WbJD-mediated 
2-epimerization of UDP-L-TalNAc to UDP-l-FucNAc. In both cases, the 
S. aureus homologues, Cap5E, Cap5F and Cap5G were purified and activities 
were also examined^^. The activities of these proteins were identical to those 
of WbjB/WbjCAVbjD in E aeruginosa, with a minor exception in that Cap5G 
showed optimal activity at 30°C vs 37°C for WbjD. 

In silico analysis of proteins at the primary amino acid level suggest that 
homologous proteins may have the same function. The assignment of an 
enzyme function based on this approach is “putative,” at best, and often sub- 
ject to error until the biochemical characterization of the enzyme can be 
achieved. Results from several studies conducted in our laboratory have 
clearly demonstrated that proteins that are similar at the primary amino acid 
level have very different enzyme activities. 

This is particularly evident in the UDP-l-FucNAc pathway involving 
WbjB-WbjC-WbjD or its homologues in S. aureus Cap5E-Cap5F-Cap5G, in 
which the initial substrate is UDP-d-G1cNAc as demonstrated by Kneidinger 
et al^^ and not UDP-D-ManNAc as suggested by other researchers^^’ This 
kind of comparisons between assigning putative function based on sequence 
data and assigning function based on biochemical data was substantiated by 
the results of another study in which WbvB, WbvR and WbvD in V cholerae 
037 were found to be homologous to WbjB, WbjC and WbjD respectively^^ 
Therefore, it would be simple to predict that the V. cholerae proteins would 
share similar function as the homologues found in P. aeruginosa Oil for the 
biosynthesis of UDP-l-FucNAc. However, two pieces of evidence suggested 
that the pathway catalyzed by WbvB, WbvR and WbvD might be different than 
that for WbjB, WbjC and WbjD. First, WbvR is only weakly homologous to 
WbvC, and second, the 0-antigen sugar structure of V cholerae 037 contains 
L-QuiNAc rather than l-FucNAc. To compare the products of the enzyme- 
substrate reactions catalyzed by these two groups of proteins, WbvB, WbvR and 
WbvD were overexpressed and purified to homogeneity^ ^ WbvB was capable 
of utilizing UDP-d-G1cNAc as substrate and produced similar product peaks 
in CE-MS/MS analysis as those observed for WbjB. Interestingly, WbvR pos- 
sesses reductase activity and converts the product of WbvB into a new product 
as opposed to UDP-L-TalNAc produced by WbjB-WbjC coupled reactions. 
Using NMR, the structure of this new product of WbvB-WbvR coupled reac- 
tions was solved and was shown to be UDP-A-acetyl-L-rhamnosamine 
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(UDP-L-RhaNAc). Adding WbvD of K cholerae 037 to the consecutive 
reaction mixtures of WbvB and WbvR resulted in the formation of a C-2 
epimer of UDP-L-RhaNAc and the product is UDP-2-acetamido-2,6-dideoxy- 
L-glucose (UDP-L-QuiNAc). 

What we have learned from these comparative pathway studies in deter- 
mining the function of proteins from two distinct organisms include the fol- 
lowing: first, to predict functions of genes associated with polysaccharide 
biosynthesis, we require the knowledge of the organization of the cluster of 
genes involved in polysaccharide biosynthesis and the structure of the poly- 
saccharide (LPS or capsule). This will facilitate an initial prediction of the 
gene function and the design of the biochemical experiments to analyze 
enzyme-substrate reactions. Second, to obtain unequivocal data of the func- 
tion of polysaccharide genes, one needs to overexpress and purify the proteins 
encoded by the genes. Third, the purified proteins will then be used in 
enzyme-substrate reactions to resolve their biochemical functions. Fourth, the 
approach of using CE-MS/MS and NMR provides exquisite resolution of sub- 
strates and products and the ultimate identification of the chemical structure 
of the reaction products. 

5.3. Biosynthesis of UDP-A^-Acetyl-D-Quinovosamine 

The biochemical characterization of the function of WbpM was 
facilitated by overexpression of WbpM with a N-terminal histidine-tag 
(His-WbpM). WbpM consists of 665 amino acids with a transmembrane 
domain at the amino terminus. The recombinant form of His- WbpM expressed 
in E. coli is targeted at the inner membrane. SDS-PAGE analysis revealed that 
His- WbpM migrated 13 kDa smaller than its predicted size. A His- WbpM 
truncated version was generated with the N-terminal 131 amino acids removed 
and this truncated protein migrated in SDS-PAGE with the expected molecu- 
lar mass. This observation demonstrated that the membrane-bound portion 
caused an anomalous migration observed on SDS-PAGE. The localization of 
WbpM within the inner membrane was investigated using reporter proteins 
fused to various regions within the C-terminus of His- WbpM. The reporter 
proteins used were alkaline phosphatase and P-galactosidase and these mark- 
ers identify the localization within either the periplasmic space or the 
cytoplasm, respectively^ Based on these techniques, a topology model of 
WbpM was proposed and four putative transmembrane domains were local- 
ized at amino acid positions 20^1, 51-73, 84-106 and 1 17-134, respectively. 
Both the N-terminus and the carboxyl domain of WbpM are located on the 
cytoplasmic face of the inner membrane. Another intriguing observation made 
in the same study was from complementation of a wbpM mutant with the 
truncated version of wbpM lacking the transmembrane region of the gene. 




Lipopolysaccharides of Pseudomonas aeruginosa 



37 



LPS from the complemented strain showed a change in the modal distribution 
of the B-band LPS banding patterns in SDS-PAGE analysis as well as the lack 
of the high-molecular- weight portion of the LPS. These results showed that 
although the transmembrane domains of WbpM were not critical for 
enzymatic activity, this region of the protein plays a role in modulating the 
degree of polymerization of high-molecular- weight B-band LPS in vivo. 

Biochemical characterization of the full-length form of His- WbpM in 
membrane fractions was performed^^. Complete conversion of UDP-d- 
GlcNAc to product was achieved under an optimal pH of 10. The predicted 
product, UDP-D-QuiNAc is not commercially available. Fortunately, we were 
able to produce UDP-o-QuiNAc by a previously characterized reaction using 
FlaAl of H, pylori , which is a C-6 dehydratase that converts UDP-d-G1cNAc 
to UDP-D-QuiNAc^^’ Interestingly, FlaAl is homologous to the C-terminus 
of the WbpM protein and does not contain the N-terminus transmembrane 
domains. Our results from CE-MS/MS analysis showed that WbpM (either the 
native form or a His-tagged form) was capable of utilizing UDP-d-G1cNAc as 
a substrate and produced the same product as FlaAl These results 
substantiated the data obtained from complementation studies, that WbpM and 
FlaAl are functional homologues of each other and possess C-6 dehydratase 
activity. 

For determination of kinetic parameters, a soluble form of WbpM was 
required. Five truncated versions of WbpM (His-L133, His-R182, His-S234, 
His-S262 and His-V285) were constructed because full-length His- WbpM sol- 
ubilized with Triton X-100 was inactive. Only one of the constructs, His-S262, 
was found to be soluble and could be purified to homogeneity for characteri- 
zation. The kinetic parameters ^cat) determined under optimal conditions, 
pH 10, 30°C in the presence of NAD, are shown in Table 1. CE-MS analysis 
of the His-S262 reaction product confirmed that indeed a C-6 deoxyderivative 
of UDP-d-GIcNAc was produced by the enzyme-substrate reaction^^. The 
WbpM His-S262 version used specifically UDP-d-G1cNAc as a substrate and 
no reaction products using other substrates including UDP-d-G1c, UDP-d- 
GalNAc, UDP-D-Gal, GDP-D-mannose, dTDP-D-Glc and CDP-d-G1c were 
observed. 

Proteins that belong to the SDR family have at the active site a serine (S), 
tyrosine (Y) and lysine (K) residues which form the catalytic triad^^. In FlaAl, 
WbjC and Cap5F, the catalytic triad consists of SYK, in contrast, WbpM, 
WbjB and Cap5E have SMK in which the Y is replaced with M (Met). The role 
of the central tyrosine and methionine in the catalytic mechanisms of FlaAl 
and WbpM was studied by site-directed mutagenesis^^. A FlaAl Y141F 
mutant was totally inactive, indicating an essential role of the hydroxyl side 
group of the tyrosine residue for catalysis^^. To study the role of Y vs M, a 
FlaAl Y141M mutant was constructed, such that the SYK was replaced with 
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SMK as the catalytic triad. This mutant was moderately active and exhibited a 
pH optimum profile similar to WbpM^^. The secondary structure of the FlaAl 
Y141M mutant at pH 5 and pH 9 were analyzed by using circular dichroism 
and no significant secondary structure changes were observed. Thus, the pH 
optimum change in the FlaAl mutant was not due to structural change of the 
protein. These data, suggested that the Tyr residue plays a role in governing the 
pH of the active site. The reverse experiment was performed to introduce a 
SYK catalytic triad in WbpM; this mutant, WbpM M438Y was shown to be 
active. The substrate and product specificities of these two catal 3 d;ic mutants 
(Y141M in FlaAl and M438Y in WbpM) were the same as the FlaAl and 
WbpM (Creuzenet et al?^). Our results indicate that the catalytic triad can be 
either SYK or SMK. 

Understanding the enzymes involved in biochemical pathways of unique 
nucleotide sugar biosynthesis provide the fundamental knowledge toward a 
better understanding of 0-antigen synthesis and assembly. The approach used in 
these analyses provides exquisite resolution and unequivocal identification of 
structures of the products from enzyme-substrate reactions. The data from these 
studies are invaluable for in-depth structure-function studies involving X-ray 
crystallography to distinguish substrate specificity and regions of the protein 
that dictates whether an enzyme is an epimerase, a reductase or a dehydratase. 



6. CONCLUSIONS AND FUTURE DIRECTIONS 

The fact that different modifications can occur in lipid A from wild-type 
strains vs clinical isolates of R aeruginosa provides the evidence of adaptabil- 
ity of this bacterium in various environments. The presence of A-band O anti- 
gen, B-band O antigen and the diversity afforded by subtle changes in the 
structures of B-band among the serotypes further demonstrate the remarkable 
diversity in surface polysaccharides exhibited by this bacterial species. To 
date, we feel privileged to know the organization of the biosynthetic gene clus- 
ters from all 20 serotypes as well as the structural data of the O antigens. This 
information provides the foundation whereby we can systematically solve 
individual biosynthetic pathways for the production of a number of very inter- 
esting and rare sugars that are essential for the production of surface polysac- 
charides in R aeruginosa and other bacterial pathogens. 

The information from structural elucidation of the two core OS glyco- 
forms and whole genome sequence annotation are presently our most valuable 
tools for further investigation into the mechanisms of core OS biosynthesis in 
R aeruginosa. A number of questions that need to be addressed in future 
research include (a) What are the mechanisms of phosphorylation of the inner 
core? (b) How is core OS regulated by changes in the environment? Does the 
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rhamnosyltransferase, MigA, play a role in this regulation? (c) Where are the 
genes that encode the rest of the glucosyltransferases in the P. aeruginosa 
genome? It would be interesting to determine if the ORFs of unknown func- 
tion at the 3' end of the waaF operon encode the three glucosyltransferases 
required for synthesis of the outer-core OS because it would lead to the 
identification of a novel family of glycosyltransferases. 
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1. INTRODUCTION 

Alginate was first isolated from marine algae in the 19th century, and 
was first identified from a bacterial source, namely mucoid Pseudomonas 
aeruginosa, in the 1960s^^. Alginate is also synthesized by Azotobacter 
vinelandii as part of the encystment process^"^. Alginate is a simple unbranched 
polysaccharide that is composed of two kinds of uronic acid residues: (i-D- 
mannuronic acid (M), and its C5 epimer, a-L-guluronic acid (G) (Figure lA). 
Excellent reviews on alginate research have been offered by the late Peter 
Gacesa in 1990"^^ and 1998"^^. The pathogenesis of mucoid, alginate-producing 
R aeruginosa in cystic fibrosis (CF) patients was also reviewed in 1996 by 
Govan and Deretic^^. The following chapter presents highlights from these 
previous reviews and new studies that have recently been described. 

The sugar subunits are linked by (3-1,4 glycosidic linkages. These 
monomers may be arranged in polymannuronic (-M-M-M-M-) blocks, 
polyguluronate blocks (-G-G-G-G-), or in heteropolymeric blocks 
(-M-G-M-G-M-M-G). In the case of R aeruginosa, alginate is present in 
either M blocks or M-G blocks, but never G blocks, as demonstrated by 
^H-nuclear magnetic resonance (NMR) analyses^"^’ From the Haworth pro- 
jection of monosaccharide subunits (Figure IB), it is evident that the physical 
structure of the polymer depends on the block structure. Polymannuronate 
regions have di-equatorial linkages that result in the formation of flexible 
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Figure 1. A. Monomers of alginate, D-mannuronate (M) and its C-5 epimer, L-guluronate (G), 
linked with a P-1,4 glycosidic bond. O acetyl groups (Ac) are found at carbons 2 and/or 3 of only 
M residues. B. Monomers in alginate are arranged in block structures, here shown in their 
favored chair conformations: M blocks, M-G blocks, and G-blocks. However, Pseudomonas algi- 
nates are devoid of G-blocks. Glycosidic bonds between M residues result in ribbon-like struc- 
tures, and G residues introduce a bend in the linear chain, which affects the physical properties of 
the polymer^"^. 



ribbon-like gels. Polyguluronate regions have di-axial linkages that result in the 
formation of a rigid buckled chain"^^ (Figure 1). Hence, alginates rich in polyG 
make firm but brittle gels, whereas those rich in polyM or polyMG stretches are 
more elastic. Additionally, alginates that contain polyG blocks bind strongly to 
calcium ions, and this contributes to the formation of rigid gels^^^. A. vinelandii 
makes alginates with G blocks in the process of encystment^^. In bacterial algi- 
nates, some of the mannuronic acid residues are O acetylated either in the C2 or 
C3 or both positions^^^. The high molecular weight and negative charge ensures 
that the polysaccharide is very hydrated and viscous. Extensive O acetylation of 
alginate increases its water binding capacity, which in turn determines the extent 
of viscosity^^^. The degree of acetylation also plays a role in determining its sen- 
sitivity to the alginate degrading enzymes, called alginate lyases, with acetylated 
alginate being less susceptible to lyases than nonacetylated alginate^^^ 



2. P. AERUGINOSA AND CHRONIC INFECTION 
OF CF PATIENTS 

P. aeruginosa is an opportunistic pathogen that can cause severe and life- 
threatening infections in immunosuppressed hosts, such as patients with res- 
piratory diseases, bums, cancers undergoing chemotherapy, and with CF. 
Vimlence factors produced by R aeruginosa include numerous extracellular 
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toxins, proteases, hemolysins, and exopolysaccharides that play a role 
depending upon the type of infection. The striking feature of R aeruginosa 
strains infecting the CF pulmonary tract is their mucoid conversion in vivo, a 
phenotype that is indicative of alginate overproduction^^’ This is often 
referred to here as the Alg"^ phenotype. Alginate is a capsule-like exopolysac- 
charide that loosely adheres to the cells, and so most of it is found in the cul- 
ture’s supernatant. Alg"^ correlates with the ability of R aeruginosa to persist 
in the lungs of CF patients and cause chronic bronchopulmonary infection^^. 

The initial and intermittent colonization of the CF lungs by R aeruginosa 
can be eradicated by early aggressive antibiotic therapy^^. However, when the 
colony morphology of bacteria, isolated from sputum samples, is observed to 
convert to the mucoid form, the organisms can no longer be eliminated from 
the lungs despite aggressive antibiotic therapy"^^. The appearance of mucoid 
strains correlates with the formation of a bacterial biofilm containing micro- 
colonies, the development of anti-i? aeruginosa antibodies, inflammation, and 
a generally poor prognosis for the patient^^’ Despite a seemingly intact 
host immune response^^^, the CF patient is eventually overwhelmed by the 
chronic infection as the number of R aeruginosa in the sputum becomes as 
high as 10^cfu/mli24 

There have been dramatic advances in our knowledge of the molecular 
and cellular basis of CF^^^. This common autosomal recessive disease is 
caused by mutations in the gene encoding the cystic fibrosis transmembrane 
conductance regulator (CFTR), a phosphorylation-regulated Cl“ channel in 
the apical membrane of involved epithelia. CF disease is characterized by 
chronic airway infection that progressively destroys the lung and often leads to 
respiratory failure. By far the most common pathogen responsible for the mor- 
bidity and mortality seen in these patients is R aeruginosa^^. There is clearly 
an association between the CF defective transepithelial Cl“ transporter and the 
propensity for chronic airway infection by R aeruginosa in these patients. 
There is evidence that CFTR contributes to host defenses by acting as a bacterial 
ligand, and thus the CF defect may prevent normal clearance of R aeruginosa 
from the respiratory tract^^^. Also, the bactericidal activity against R aeruginosa 
that is normally present in airway surface fluids of epithelia is reported to have 
reduced effectiveness in the CF lung environment^^^. 



3. ROLES OF ALGINATE R aeruginosa 
PATHOGENESIS 

About 80% of the R aeruginosa isolates from the CF patient undergo 
mucoid conversion, whereas only about 1% of clinical R aeruginosa isolates 
from other types of infections are Alg‘*‘ (see refs [32], [33], [140]). Thus, algi- 
nate production appears to have an important role in the unique host-parasite 
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relationship between the CF patient and R aeruginosa. There is evidence that 
the Alg"^ phenotype confers several selective advantages to the bacterial 
invader, which has been thoroughly reviewed^^ and includes the following: 

• Alginate confers increased resistance to phagocytosis, a property typi- 
cally associated with bacterial capsules. Mucoid organisms show a 
reduced susceptibility to antibody-dependent bactericidal mecha- 
nisms^’ Alginate antibodies that form are usually nonopsonic^^^. 
Alginate also affects leukocyte functions, such as the oxidative burst 
and interference with opsonization, and plays an immunomodulatory 
role via induction of proinflammatory lymphokines and suppression of 
lymphocyte transformation^^^’ Alginate has been shown to neutral- 
ize oxygen radicals, such as those released by activated polymor- 
phonuclear leukocytes (PMNs)^^^. Mucoid organisms are also 
hyperinduced for the production of the manganese form of superoxide 
dismutase, which can detoxify oxygen radicals^^’ 

• Alginate appears to be part of an adherence mechanism. Autopsies 
show that mucoid R aeruginosa forms adherent microcolonies in the 
lung^^. The role of alginate as an adhesin has also been demonstrated 
in vitro^^’ The biofilm formed by mucoid organisms contains 
microcolonies, which is unique. Although alginate is not required for 
biofilm formation, a mutant defective in alginate biosynthesis 
{algDwTnSOl) clearly shows a lag in initial biofilm development, 
suggesting a role in early attatchment^^. 

• Alginate released from the organisms is highly viscous in aqueous 
solution, and probably contributes to the extremely viscous environ- 
ment containing abnormal bronchial secretions in the CF lung and 
nucleic acids from dead phagocytes. This results in obstruction of 
small airways, interference with mucociliary airway clearance, and 
impaired movement of phagocytes. 

• Alginate provides a polyanionic barrier that may exclude cationic 
peptide antibiotics^^^ Alginate lyase treatment of mucoid R aeruginosa 
can improve the efficacy of administered antibiotics'^. 

• The Alg"^ phenotype also correlates with variation in the expression 
of other virulence mechanisms, including a decrease in the produc- 
tion of proteases^^’ and other specific virulence determinants, such 
as exotoxin A, exoenzyme S, phospholipase C, and pyochelin lev- 
eis78, 147 Lipopolysaccharide (LPS) is a major virulence factor for 
this species^^, but it is also a major target antigen for protective anti- 
bodies^^. CF strains frequently convert to LPS-rough as a result of 
mutations affecting production of O side chains^^’ This down- 
regulation in the production of virulence factors associated with mucoid 
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conversion is consistent with a tendency in chronic host-parasite 
relationships to progress toward a state of commensalism^^^ and 
suggests that alginate regulation has multisystem involvement. 

4. MECHANISM OF MUCOID CONVERSION 

The alternative sigma factor encoded by algT (also called algU) is 
essential for alginate production^^’ AlgT shows high sequence similarity 
(66% identity) to sigma E (a^) of Escherichia colf^’ (AlgT/AlgU) 

can function as a sigma factor in in vitro transcription assays^ ^ From a plas- 
mid clone (6-8 copies/cell), algT activates the Alg^ phenotype in otherwise 
nonmucoid strains of P. aeruginosa and several other Pseudomonas species^^. 
The algT product positively regulates its own transcription^ ^ The a/gTgene 
is in an operon (Figure 2A) with four other genes called mucA-mucB-mucC- 
mucD (previously referred to as mucA-algN-algM-algY, respectively^^). 
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Figure 2. A. Map of the algT(algU) operon of P. aeruginosa. Numbers under genes show the 
molecular weights (kDa) of each gene product. Closed arrowheads indicate promoter regions, and 
the open arrowhead indicates autoregulation by the algT product, Adjacent nadB maps at 
0.830-Mb on the chromosome. B. Model for control of activity via sequestration by the 
transmembrane protein, MucA. MucB appears to interact with the periplasmic domain of MucA 
as part of signal transduction mechanism. Periplasmic MucD may play a role in signal transduction. 
R aeruginosa strains in CF patients frequently undergo mucA22 mutation, which truncates MucA, 
resulting in deregulated molecules that are free to transcribe its specific promoters. 
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Mutations in mucA are typically responsible for the mucoid conversion 
observed in clinical isolates^^. A high overall frequency of mucA alterations in 
mucoid CF isolates has been reported^. A common mutation, called the 
mucA22 allele, has a single bp deletion in a string of 5 Gs that results in a 
prematurely truncated MucA. The CF strain FRDl (commonly used in this 
laboratory) has the mucA22 allele and is highly mucoid^ ^ 

MucA is an inner membrane protein with one transmembrane domain 
(Figure 2B), and appears to be the main regulator to post-translationally control 
activity^^. MucA acts as an anti-sigma factor that binds and sequesters 
thus affecting its ability to transcribe in vitro MucB(AlgN) is also a nega- 
tive regulator^^. MucB is a periplasmic protein that probably binds the 
periplasmic domain of MucA^^’ Mutation in mucB leads to a slightly 
mucoid phenotype, probably due to the lack of MucA-MucB interactions^^. 
Thus, MucA-MucB apparently forms a signal transduction complex that nor- 
mally keeps transcriptional activity low, except in the event of unknown 
environmental signals. However, CF strains often bypass this circuit with a 
mucA defect (e.g., mucA22, truncating the periplasmic domain; see Figure 2B), 
which deregulates control of transcriptional activity at promoters with the 
consensus sequence GAACTT (-35)-TCtga (-10)^^’ The function of 
MucC, which is translationally coupled to MucB, is generally unknown but has 
been reported as both a positive and negative regulator^’ MucD has high sim- 
ilarity to E. coli HtrA (DegP), a periplasmic serine protease involved in the pro- 
teolysis of abnormal proteins and is required for resistance to oxidative and heat 
stress^’ The mucD gene also has a secondary promoter, independent of 
within the algT operon^"^^. 

The selective pressure for mucoid conversion in CF isolates of 
P. aeruginosa has received much speculation. The environment of the CF lung, 
particularly high osmolarity and dehydration, has been reported to contribute 
to the activation of the algD promoter^’ The appearance of mucoid strains 
in CF patients correlates with the formation of a bacterial biofilm containing 
microcolonies and inflammation^^’ The inflammatory defense mecha- 
nism against mucoid R aeruginosa is dominated by PMNs and antibodies. 
R aeruginosa in biofilms, as seen in the CF lung, has been shown to activate 
the oxidative burst of PMNs^’ During phagocytosis of the bacteria, oxygen 

free radicals are produced, which generate oxidative stress and lead to further 
inflammation^^’ Activated PMNs, and/or their release of toxic oxygen by- 
products in the CF lung environment may play a role in the generation and/or 
selection of mucoid variants during the inflammatory response to R aeruginosa. 
When R aeruginosa PAOl is grown as a biofilm in flow-cells and repeatedly 
exposed to activated human peripheral PMNs, the bacteria in the effluent of 
the flow cell contain Alg'^ cells^^. This suggests that mucoid conversion of 
R aeruginosa in the CF lung may result from interaction with PMNs. When 
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G-String 

TAG AGC GAA GAG GAG GGG GGG GGG GAG GTG ATG AGG AAG . . . 
YSEEQGAPQVITN 



TAG AGG GAA GAG GAG GGG A GGG GGG AGG TGA TGAGGAAG . . . 
YSEEQG RRR© 

Figure 3. Sequence of the region of mucA associated with the common mucA22 allele. Alg"^ vari- 
ants of PAOl in a biofilm after being subjected to H 2 O 2 treatment showed deletion of a G residue 
in a string of 5 G residues located at 426-430 bp in the mucA ORF, resulting in the mucA22 allele 
and premature termination of transcription as indicated by the asterisk^^. 

PAOl biofilms are treated with low levels of hydrogen peroxide, as if released 
by the PMNs, the formation of mucoid variants is also detected^^. The mucA 
regions of these Alg'^ strains show the typical mucA22 allele, with a deletion 
of a G residue in the string of five guanosines located at 426-430 bp in the 
mucA open reading frame (Figure 3). Thus, PMNs and their oxygen reactive 
products can cause the phenotypic and genotypic changes, which are so typi- 
cal of the intractable form of P. aeruginosa in the CF lung^^. 

Another interesting property associated with mucoid R aeruginosa 
strains from CF patients is that the Alg"^ phenotype is typically unstable in the 
laboratory, especially under nonaerated conditions'^. The genetic alterations 
responsible for spontaneous nonmucoid conversion were closely linked to 
algT, and the possibility of a genetic ‘switch’ called algS was originally spec- 
ulated^^. However, spontaneous nonmucoid variants are usually due to muta- 
tions in the algT gene itself^ These algT mutations appear to be 
extragenic suppressors of the mucA mutations, which provide genetic evidence 
for a a^^-MucA interaction. It is curious that Alg"^ to nonmucoid reversion 
does not occur by a mutation that simply restores the wild-type mucA allele^ ^ 
Static growth of mucoid E aeruginosa also selects for nonmucoid variants that 
have acquired flagellum-dependent motility^^^. 



MucA+ 

(nonmucoid) 

MucA22 

(Aig^) 



5. THE ALGINATE BIOSYNTHESIS OPERON 

Mutations in alginate biosynthetic genes were observed to cluster adja- 
cent to argF^^. This was shown to constitute a large operon, with no required 
internal promoters, based on the fact that TnSOl insertions in the gene cluster 
are polar on all downstream genes^^. The algD gene is proximal to the pro- 
moter of the operon, which is generally referred to here as the algD operon. 
The same cluster of 12 genes (Figure 4) has been found in other bacteria that 
synthesize alginate, including Pseudomonas fluorescens^^ , Pseudomonas 
syringae^^^, and Azotobacter vinelandii^^^ . However, in A. vinelandii there 
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Figure 4. Map of the algD operon for alginate biosynthesis in P. aeruginosa. Closed arrowhead 
indicates the promoter region, which is under control. Open arrowhead indicates control by 
transcriptional regulators (AlgR, AlgZ, AlgB). Adjacent argF maps at 3.960-Mb on the PAOl 
chromosome map. 



appears to be multiple promoters in the alginate cluster^^’ The promoter of 
the algD operon in R aeruginosa shows consensus with the promoters, and 
activates its transcription in in vitro transcription assays^ ^ The roles of the 
algD operon gene products in alginate biosynthesis are described below. 



6. HIERACHICAL REGULATION OF 
ALGINATE PRODUCTION 

The algD operon of 12 genes is located at 3.96-Mbp on the 6.26-Mb 
physical genomic map of strain PAOl^^^. The algD operon is nearly silent in 
typical P. aeruginosa strains, but shows remarkably high activity in mucoid 
strains^^. The regulation of the algD operon is complex and consists of a vari- 
ety of factors encoded by genes around the chromosome (Figure 5). In addi- 
tion to encoded by algT/algU mapping at 0.83-Mb, there are 3 major 
regulators known for algD expression, called AlgR, AlgZ, and AlgB: 

• The algR (algRl) gene, located at 5.92-Mb on the PAOl chromosome 

map, encodes a two-component regulator. AlgR (also called AlgRl) 
contains a conserved N-terminal domain typical of response regula- 
tors, but has an undefined C-terminal domain^^. The sensory compo- 
nent interacting with AlgR is FimS (also called AlgZ) and is encoded 
by the upstream gene^"^^. FimS does not possess sequence similarity 
to typical histidine protein kinases^"^^’ The AlgR-FimS pair are 
both required for type-4 pilin mediated motility (i.e., twitching motil- 
ity) on a solid surface, however, only AlgR is required for alginate 
production^^’ AlgR footprints on two segments of the algD 

promoter^^ and three regions of the algC promoter"^^. The fimS-algR 
operon is partially under 0 ^^ controT"^^’ 

• The algZ gene (mapping at 3.79-Mbp) encodes AlgZ (not to be con- 
fused with FimS/AlgZ above) which binds a sequence located 280 bp 
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Figure 5. Circular chromosome map in Mbp of the PAOl chromosome showing the location 
of genes associated with alginate production (see www.pseudomonas.com for more details). The 
algD'A operon and algC encode enzymes for alginate biosynthesis. The other genes encode prod- 
ucts that control (directly or indirectly) the algD promoter. Arrows point to genes under con- 
trol in a hierarchy of gene regulation^ 



upstream of the algD promoter^. Expression of algZ is dependent on 
AlgT but not AlgB or AlgR. Mutagenesis of AlgZ ’s 36-bp footprint in 
an algD-cat fusion blocked algD expression, indicating that AlgZ 
acts as an activator of algD transcription^. AlgZ is only 12 kDa in size 
and resembles the Arc repressors of the ribbon-helix-helix family of 
DNA binding proteins. An algZ mutant of Alg"^ strain FRDl shows 
no alginate production or detectable algD transcription^, indicating 
that this is an important regulator of alginate biosynthesis. 

• The algB gene maps at 6.17-Mb on the chromosome and encodes a 
classic two-component regulator. The algB gene was among the first 
alginate genes to be cloned, and is a positive regulator of algD 
expression at 37°C^^’ The mechanism of AlgB regulation of algi- 
nate production is still unclear and probably does not involve direct 
binding at the algD promoter^"^^’ AlgB is a response regulator of 
the NtrC class of transcription enhancer elements that typically 
utilitze (a^) promoters controls the level of algB 
expression^"^^. Downstream of algB is kinB, which encodes a typical 
histidine kinase that is apparently the environmental sensor of 
AlgB^^. KinB is autophosphorylated at His-385 and transfers the 
phosphate to Asp-59 of AlgB^^ (Figure 6). However, KinB is not 
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Target DNA 



Figure 6. Model of the AlgB-KinB two-component regulatory complex. Membrane-spanning 
KinB has a periplasmic N-terminal sensing domain and a cytoplasmic C-terminal autophospho- 
rylation domain that transfers the phosphate to the N-terminal regulation domain of AlgB^^. 
However, neither AlgB phosphorylation nor KinB is required for the Alg^ phenotype^^. 



required for the Alg"^ phenotype, suggesting that phosphorylated 
AlgB has a distinct and different regulatory fiinction^^. The algB- 
kinB pair forms an operon, and so both are under control. 

Other regulators of algD expression have also been identified. AlgQ 
(AlgR2) is a positive regulator of nucleoside diphosphokinase (NDK). This is 
necessary for the formation of GDP-mannose, which is required for alginate 
biosynthesis (see below) and potentially other virulence properties^ ^ AlgP 
(AlgR3) is a highly basic histone-like protein required for normal algD 
expression^^’ Integration host factor may play a role in algD expression^^^. 
RpoS, the stationary-phase sigma factor, is also required for high-level 
alginate production^^^. 

7. ECF SIGMA FACTOR SYSTEMS 
SIMILAR TO 

The algT mucABCD gene cluster controls alginate production but 
also appears to encode a larger stress response apparatus. The operon bears 
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Striking similarity to stress response systems in other bacteria, a^^-related 
sigma factors are members of the ECF (extra cytoplasmic function) family of 
transcription factors that respond to membrane stresses^^’ A. vinelandii has 
the same arrangement of genes as in E aeruginosa, which are also involved 
in alginate production, but are associated with encystment in a stress response 
to unfavorable environments^^. The rpoE cluster in E. coli is similar to 
R aeruginosa, except that htrA/degP, the mucD equivalent, is missing^ is 
an extreme heat shock sigma factor that was discovered through studies on 
heat shock survival mechanisms^^. is under the control of RseAB, which 
resemble MucAB, and regulates degP (encoding a MucD-like serine endopro- 
tease required for heat resistance), (encoding heat shock sigma factor 
for transcription of chaperones DnaK/J, GroES/EL), as well as its own rpoE 
promoter^^’ A broad role for as an extracytoplasmic periplasmic stress 
response pathway is emerging through studies on the genetics and physiology 
of E. coifs response to cell envelope protein folding defects^ is reported 
to be an essential sigma factor at all temperatures, and that cells lacking are 
able to grow as a result of unlinked suppressor mutations^^. E. coli is suf- 
ficiently similar to P aeruginosa that rpoE can complement an algT(algU) 
mutation in P aeruginosa, restoring the Alg"^ phenotype^^"^. 

Evidence is emerging that P aeruginosa controls several genes other 
than those for alginate production. A proteomic study, using a 2D-gel analysis 
of all cellular proteins, showed that unregulated cP^ in Alg"^ PAOl -mwc^22 
cells causes elevated transcription of dsbA, encoding disulfide bond 
isomerase^^ A genomic analysis using a DNA microarray analysis shows that 
the expression of numerous genes are elevated in Alg“^ PAOl^^. Thus, 
the algT-mucABCD encoded membrane complex is probably a signal trans- 
duction mechanism that responds to environmental stress. 



8. SYNTHESIS OF A NUCLEOSIDE 
DIPHOSPHO-SUGAR PRECURSOR 
OF ALGINATE 

A putative pathway for alginate biosynthesis was first described for the 
brown seaweed Fucus gardneri based on enzyme activities detected^^. Early 
studies on bacterial alginate suggested a similar pathway, in which the main 
precursor is the nucleoside diphospho(NDP)-sugar, GDP-mannuronate 
(Figure 7). This was based on detection of the necessary enzyme activities, 
albeit at low levels, in alginate-producing strains of A. vinelandii^^^ and 
P aeruginosa^^^ . Studies with mutants of mucoid strain FRDl defective in car- 
bohydrate metabolism showed the flow of carbon into alginate and demonstrated 
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Figure 7. Biosynthesis of GDP-mannuronate, a NDP-sugar precursor of alginate, is shown in the 
context of the carbohydrate catabolic pathways of P. aeruginosa as described by Roehl et 
Enzyme activities of AlgA, AlgC, and AlgD are indicated. Enzyme abbreviations: PGI, phospho- 
glucoisomerase; ZWF, glucose 6-phosphate dehydrogenase; EDD, 6-phosphogluconate dehy- 
dratase; EDA, 2-keto-3-deoxy-6-phosphogluconate aldolase; FDA, fructose- 1,6-diphosphate 
aldolase; TPI, triosephosphate isomerase; FDP, fructose- 1,6-diphosphate phosphatase; GAP, glyc- 
eraldehyde-3-phosphate dehydrogenase. 



a primary role for the Entner-Doudoroff pathway (ZWF>EDD>EDA; see 
Figure 7 legend) from mannitol, glucose, or gluconate^. GAP is important for 
alginate synthesis from gluconeogenic precursors, and so glyceraldehyde- 
3-phosphate is a precursor of alginate using such carbon sources^. A mutant 
deficient in FDA activity does not allow appreciable alginate formation from 
glucose and gluconate, but allows alginate synthesis from mannitol and 
fructose, suggesting that glucose and gluconate tend to be converted to 
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fructose- 1,6-bisphosphate via the Entner-Doudoroff pathway enzymes and 
FDA^. The following four steps are believed to convert fructose-6-phosphate 
to the primary precursor, GDP-mannuronate. 

Step 1 in the synthesis of GDP-mannuronate is the conversion of fmctose- 
6-phosphate to mannose-6-phospate by phosphomannose isomerase (PMI). 
Some controversy over the pathway developed because PMI activity in mucoid 
R aeruginosa cells has been difficult or impossible to detect. Also, because a 
PGI defective mutant could not synthesize alginate directly from mannitol (see 
Figure 7), it suggested that fructose-6-phosphate is not a precursor of alginate^. 
However, when the pmi (manA) gene of E. coli encoding PMI was found to 
complement a nonmucoid algA43 mutant of R aeruginosa 8830 back to the 
Alg"^ phenotype, it strongly suggested that PMI activity is indeed central to the 
alginate pathway^ ^ This pmi gene in R aeruginosa has become known as algA. 
Interestingly, however, the inferred amino acid sequence of AlgA does not 
resemble PMI (ManA) of E. colf^. However, when algA was overexpressed, its 
56-kDa protein product catalyzed the unidirectional conversion of fructose- 
6-phosphate to mannose-6-phosphate, indicating PMI activity"^^. 

Step 2 is the production of mannose- 1 -phosphate by phosphomannose 
mutase (PMM), an activity found in AlgC^^. The algC gene is not in the algD 
operon but is distantly located at 5.99-Mbp on the chromosome. AlgC is also 
involved in the biosynthesis of LPS^\ but is reported to be up-regulated with 
other alginate genes in mucoid strains"^"^. AlgC also has phosphoglucose 
mutase (PGM) activity, which is important in the synthesis of 0-side chains of 
LPS^^ and rhamnolipids^^^. 

Step 3 is the formation of GDP-mannose by GDP-mannose pyrophos- 
phorylase (GMP). Analysis of AlgA revealed that it is a bifunctional enzyme 
with two separate activities that include GMP (step 3) as well as PMI activity 
(step 1). This was demonstrated by the co-elution of both activities through 
successive rounds of chromatographic separations^^^. It is interesting that this 
bifunctional enzyme catalyzes two reaction steps that are not contiguous. 
When compared to the current database, the AlgA sequence shows high 
homology to GMP enzymes like ManC of E. coli. 

Step 4 requires GDP-mannose dehydrogenase (GMD), with NAD+ as a 
cofactor, to form GDP-mannuronic aci4 the primary NDP-sugar precursor of 
alginate. GDP-mannose is converted to the uronic acid form by undergoing 
oxidation of the primary hydroxyl group at C6 of mannose to the correspond- 
ing carboxylic acid. It is interesting that GMD activity is low in the extracts of 
Alg"^ R aeruginosa, but GMD activity is elevated when the 48-kDa product of 
the algD gene is overexpressed^^’ Metabolic studies indicate that GMD is 
a key regulatory enzyme and committal step in alginate biosynthesis^^^’ 

The crystal structure of AlgD shows that it forms a dimer^^"^. 
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9. POLYMER FORMATION 

In that epimerization of mannuronate residues to guluronate occurs at 
the polymer level in the periplasm (see below), the initial polymeric product of 
the alginate biosynthetic pathway is apparently polymannuronate (polyM). It 
is likely that polymerization and secretion across the inner membrane occurs 
simultaneously, and there is no evidence for an isoprenoid lipid carrier. The 
alginate polymerase has not yet been identified, but the most likely candidate 
is Alg8, which bears structural homology to p-glycosyl transferases. This 
analysis is based on a sequence comparison method called hydrophobic clus- 
ter analysis, which can show three-dimensional similarities in proteins with 
limited sequence relatedness^^^. Glycosyl transferases catalyze the transfer of 
sugar residues from an activated donor substrate, often a NDP-sugar, to an 
acceptor molecule, which in most cases is a growing carbohydrate chain. 
Glycosyl transferases fall predominantly into two classes: Nonprocessive 
enzymes that transfer a single sugar residue to the acceptor and processive 
enzymes that transfer dual sugar residues to the acceptor. There are also two 
major catalytic mechanisms, called retaining and inverting, that describe prod- 
uct stereochemistry and thus determine a or p linkage^ Among the 26 fam- 
ilies of NDP-sugar glycosyltransferases, Alg8 best resembles members of 
Family 2, a large group of processive and inverting glycosyl transferases, sug- 
gesting that alginate grows two monomer units at a time^^. This is also consis- 
tent with the P-1,4 linkages in alginate. 



10, POLYMER-LEVEL EPIMERIZATION OF 
MANNURONATE TO GULURONATE 

AlgG is a polymer-level D-mannuronate C5-epimerase in R aeruginosa, 
which is responsible for converting D-mannuronates (M) to L-guluronate (G) 
in alginate by rotation at C5 (see Figure 1). AlgG was identified using a 
genetic approach in which the Alg^ strain FRDl, which produces alginate 
with a M/G ratio of about 60/40, was mutagenized with nitrosoguanidine and 
plated on an agar medium containing a G-specific alginate lyase from 
Klebsiella^^. Wild-type colonies lose their mucoid appearance on G-lyase agar 
because alginate chains are cleaved at G residues, whereas C5-epimerase 
mutants retain the mucoid phenotype. Purified alginate from an algG4 mutant 
was shown by ^H-NMR spectroscopy to be polyM. A clone of the wild-type 
algD operon complemented the mutation, and polar Tn501 mutagenesis of the 
clone physically located algG^^. The amino acid sequence of AlgG was unlike 
any known protein except for an inferred signal peptide. Pulse-chase labeling 
studies showed that the 60-kDa preAlgG is processed to a periplasmic 55-kDa 
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mature AlgG. Expression of algG from a plasmid in the algG4 (i.e., polyM 
producing) mutant of E aeruginosa restored production of an alginate 
containing L-guluronate residues, but it was not possible to exceed 50% 
G residues despite overexpression^^. 

The localization of AlgG to the periplasm suggested that it may be a 
polymer-level mannuronan C5-epimerase. Indeed, when recombinant AlgG is 
incubated with polyM produced by the algG4 mutant, epimerization of M to 
G residues is observed^^. However, the in vitro epimerization reaction is only 
detectable when acetyl groups are removed from the polyM substrate. This 
suggests that AlgG epimerization activity in vivo may be affected by prior 
acetylation of the M residues, or vice versa^^. AlgG from R fluorescens 
also appears to have a signal sequence that would localize it to the periplasm 
where it presumably acts at the polymer level^^ Specific mutations that affect 
the C5-epimerase activity of AlgG in R aeruginosa^^ and R fluorescens"^^ have 
recently been identified. Although the algG4 mutant produces polyM at wild- 
type levels, an algG deletion mutant is drastically affected in polymer production, 
which is described further below. In addition to the AlgG C-5 epimerase, 
A. vinelandii has other genes for epimerases that can introduce G-blocks 
(unlike in Rseudomonas) and appear to be responsible for the synthesis of 
complex alginates of various polymeric composition in the cyst capsule^^^. 



11. ACETYLATION OF d-MANNURONATE 
RESIDUES 

R aeruginosa alginate is modified by the addition of acetyl groups to the 
0-2 and/or 0-3 positions by an unknown mechanism^^’ Localized- 
mutagenesis of the algD operon was used to identify genes required for 
acetylation^®. Briefly, a cosmid clone of the algD operon was packaged in 
lambda phage, subjected to saturation chemical mutagenesis, and then used to 
replace the same chromosomal region in strain FRDl. Acetylated alginate is 
more resistant to lyases, and so recombinants with defects in alginate acetyla- 
tion were found by screening for reduced resistance to depolymerization by an 
alginate lyase. Mutants were then confirmed by a colorimetric assay and 
infrared spectroscopy for loss of acetyl groups. A merodiploid analysis and 
transposon mutagenesis located an acetylation gene, which was named a/gF^®. 
Two genes are adjacent to algF, termed algl and algJ, All mutants with 
specific defects in algl algf or algF display mucoid colonies identical to the 
parent strain, and produce an M+G alginate, but the polymer is nonacetylated, 
as shown by Fourier transform-infrared spectroscopy"^®. 

The cellular locations of Algl, AlgJ, and AlgF were determined using 
alkaline phosphatase (phoA) fusions constructed to each gene using 
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progressive exonuclease digestion to determine exposure to the periplasm^^. All 
in-frame fusions to algF and algJ are active, indicating that both localize to the 
periplasm. N-terminal sequence analysis shows that the signal peptide is 
removed from AlgF, but not from AlgJ. Also, AlgF is released with the periplas- 
mic contents, while AlgJ remains with spheroplasts, indicating that AlgJ is mem- 
brane bound. The mapping of active and inactive phoA fusions to algl shows that 
Algl is a membrane protein with seven ^aw^-membrane domains. These results 
support a model for an alginate O acetylation complex that probably interacts 
with a hypothetical alginate transport apparatus in the periplasm (Figure 8). Algl 
is expected to play a role in the transfer of acetyl groups from an acetyl donor, 
probably acetyl-coenzyme A ([H 3 C-OC-]-S-CoA), across the cell membrane 
to AlgJ and AlgF, which then transfers acetyl groups to M residues. AlgX, which 
may be part of the alginate transport apparatus in the periplasm, shows homology 
to AlgJ"^^ and so may play a role in this acetylation process. 




Figure 8. Model for polymerization, transport and acetylation of alginate in R aeruginosa. Alg8 
is predicted to be the glycosyl transferase that forms polyM from GDP-mannuronate (synthesized 
as shown in Figure 7). A putative alginate secretion scaffold, connecting the inner membrane to 
secretin AlgE in the outer membrane, is predicted to consist of AlgK, AlgG, AlgL, and possibly 
AlgX and Alg44. AlgG epimerizes no more than every other M residue during export through the 
periplasm, and is also required to protect the polymer from AlgL’s lyase activity^^. Algl, AlgJ, and 
AlgF (shown as dark objects) apparently form a membrane complex that mediates acetylation of 
the polymer using an unknown acetyl donor, but are not required for polymer formation"^^. 
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0 acetylation is known to affect the physical properties of alginate, 
including viscosity and interaction with calcium ions^^^, which suggests that 
alginate O acetylation might play a role in the ability of P. aeruginosa to form 
biofilms in vivo. In CF patients, mucoid R aeruginosa is known to form an 
unusual biofilm with bacterial microcolonies in the pulmonary tract^^. The 
role of acetylation in biofilm kinetics was examined using mutants with spe- 
cific acetylation defects^^. IR spectra of developing biofilms show that mucoid 
strain FRDl and its algT mutant derivatives form biofilms with rapidly accu- 
mulating mass, whereas an algD mutant clearly shows a lag during initial 
biofilm development. Interestingly, an algJ mutant defective in the acetylation 
of alginate produced a very poor biofilm over time. Using scanning confocal 
laser microscopy and cells containing green fluorescent protein, it was clear 
that mucoid FRDl produces microcolonies, whereas nonmucoid derivatives 
{algT and algD mutants) produce shallow and densely packed biofilms. In 
contrast, a mucoid algJ mutant demonstrates little attachment and/or surface 
associated growth. These studies show that the ability to make alginate affects 
biofilm structure and rate of development, but O acetylation is critical for 
biofilm formation by a mucoid strain^^. 

Another potential role for alginate O acetylation is related to the fact that 
CF patients are unable to clear mucoid R aeruginosa despite the elicitation of 
specific antibodies, which fail to mediate opsonic killing^^^. This in part is due 
to mutations that result in a loss of LPS 0 side chains as target immunogens, 
which is common in mucoid R aeruginosa CF strains^^. However, linking 
acetate to hydroxyl groups of alginate could permit escape of phagocytic 
killing by dampening the activation of complement. Evidence for this comes 
from the observation that small amounts of normal human serum can readily 
mediate opsonic killing of an algJ mutant of FRDl, which forms nonacetylated 
alginate, even though parent strain FRDl is resistant^^^. CF patients also elicit 
alginate-specific antibodies, but they are incapable of mediating opsonic killing 
of R aeruginosa^^. However, even in very low complement concentrations, the 
usually nonopsonic alginate-antibodies can readily mediate phagocytic killing of 
a non-0 acetylated mucoid strain^®^. Overall, these results indicate a molecular 
basis for the pathogenesis of chronic mucoid R aeruginosa infection in 
CF lungs; O acetylation of alginate protects mucoid R aeruginosa from host 
defenses by preventing activation of the alternative complement pathway, result- 
ing in resistance to antibody-dependent phagocytosis, and renders antibodies 
that form to alginate to be nonopsonic, which precludes phagocytic killing^^^. 



12. ALGINATE EXPORT 

The algE gene encodes a 54-kDa protein with a signal peptide that is 
cleaved during AlgE export from the cytoplasm^^. Subsequent studies show it 
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to be in the outer membrane of mucoid bacteria^ Recombinant AlgE 
incorporates into planar lipid bilayers, probably forming a ^-barrel, and it 
forms an ion channel that is strongly anion selective. Thus, AlgE is likely to be 
a porin-like protein (e.g., secretin) that is specific for alginate extrusion from 
the outer membrane of the cell^^"^. 

Another gene in the alginate operon that remained uncharacterized until 
recently was algK, between alg44 and algE (see Figure 4), which encodes a 
52-kDa protein^^. The sequence of AlgK shows an apparent signal peptide 
with an N-terminal cysteine on the mature protein that is characteristic of 
lipoproteins. AlgK-PhoA fusion proteins are active, indicating that AlgK is 
periplasmic, and so possibly associated with the outer membrane where it may 
interact with AlgE. Mutants with a nonpolar algK are nonmucoid, indicating 
that AlgK is essential for polymer formation. The algK mutant also demon- 
strates a small-colony phenotype on L agar, which is suppressed by a polar 
TnSOl insertion that blocks algA expression and hence precursor formation. 
AlgK~ mutants appear to accumulate a toxic extracellular product, which is a 
low-molecular weight uronic acid, suggesting that AlgK plays an important 
role in the release of polymerized alginate from the cell^^. 

As described above, AlgG (C5-epimerase) point mutants have been 
isolated that are deficient in C5-epimerase activity and still form mucoid 
colonies that contain polyM and lack L-guluronate residues^"^. However, a 
complete deletion of algG in P aeruginosa^^ and R fluorescens^^ results in a 
nonmucoid phenotype. Thus, AlgG has another role in alginate biosynthesis 
besides C5-epimerization. Like an Aa/gK mutant, an AalgG mutant of 
R aeruginosa secretes dialyzable uronic acids. An NMR analysis of these 
secreted uronic acids clearly shows evidence that they are breakdown products 
of alginate by an alginate lyase^^. The alginate operon includes algL (see 
Figure 4) which encodes a periplasmic alginate lyase^^^. The ^H-NMR pattern 
of the products of alginate degraded by AlgL from A. vinelandii, an alginate 
lyase homologous to AlgL of R aeruginosa, produces a pattern^ that is the 
same as that from the dialyzable uronic acids secreted by the Aa/gG mutant of 
R aeruginosa FRDl^^. Similar results were also observed in an ^algG mutant 
of R fluorescens^^ . Thus, AlgG and AlgK probably protect new polymers from 
degradation by AlgL during transport through the periplasm to the outer mem- 
brane^^. These results suggest that AlgG and AlgK are part of a multi-protein 
complex that is required for translocation/polymerization of alginate. 



13. ROLE OF ALGINATE LYASE, AlgL 

Alginate lyases (alginases) are enzymes produced by a wide range 
of organisms that catalyze the degradation of the alginate polymer into 
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unsaturated oligosaccharides^"^^. Most alginate lyase-producing marine bacteria 
can use alginate from brown algae as a carbon source. However, alginate- 
producing bacteria like Pseudomonas and Azotobacter have a periplasmic- 
localized alginate lyase, but are apparently unable to use alginate as a carbon 
source. The fimction(s) of algL encoded alginate lyase in alginate producing 
bacteria has been somewhat controversial. AlgL may control the length of the 
polymer produced^^. In support of this, an algL mutant was constructed in 
A. vinelandii; it produces an alginate with a higher mean molecular weight 
than the parent strain, with neither encystment nor cyst germination being 
affected^"^^ AlgL may be important in facilitating dissemination of bacteria; 
overexpression of algL in mucoid P aeruginosa leads to a decrease in alginate 
polymer length and an increase in bacterial detachment from an adherent 
surface^^. With algL in the operon for alginate biosynthesis, it is reasonable 
that a periplasmic AlgL may also be part of a polymerization or transport com- 
plex in the periplasm. In P syringae pv. syringae, the absence of lyase activity 
reduces alginate production by about 50%^^^. In P aeruginosa, lyase is report- 
edly not required for alginate production by P aeruginosa^\ yet in another 
report a lyase-negative P aeruginosa appeared nonmucoid and produced only 
small amounts of alginate^"^. Recently, we examined the effect of a nonpolar 
LalgL mutation in mucoid P aeruginosa FRDl, but found such mutants very 
difficult to construct. By artificially replacing the algD operon promoter with 
a tac promoter and IPTG control, LalgL mutants could be constructed when 
the operon was silent. However, when algD operon expression was reactivated 
with IPTG, the periplasm filled with alginate and the t^algL cells ultimately 
burst^^. Thus, AlgL may be a required part of a periplasmic transport appara- 
tus (or scaffold) in mucoid P aeruginosa, along with AlgG and AlgK (Figure 8). 
A putative role for AlgL lyase activity is to digest periplasmic alginate remain- 
ing after spontaneous disassembly of the scaffold. 



14. PATHOGENIC MECHANISMS IN 
MUCOID P. AERUGINOSA 

As described in the beginning of this chapter, individuals with CF are 
highly susceptible to bronchiopulmonary infection with strains of P aeruginosa 
that usually convert to the Alg"^ form, which is associated with chronic 
infection^^. Mutations resulting in defective LPS are also common with such 
CF strains^^’ even though LPS is an important virulence factor in acute and 
systemic infections^^. These “rough” mutations and other alterations and atten- 
uations in multiple virulence factors suggest that CF strains of P aeruginosa 
have adapted to utilize an alternate set of pathogenic mechanisms that promote 
chronic lung disease in the CF patient. Unfortunately, the rough LPS-defect 




72 



Sumita Jain and Dennis £. Ohman 



results in low virulence in established animal models, making it difficult to 
evaluate putative virulence genes in these strains. Thus, in an effort to identify 
new virulence determinants in CF isolates of R aeruginosa, an alternative 
model of infection was developed using wounded alfalfa seedlings^^^. Only 
1,000 cells of such LPS-defective bacteria can show disease symptoms in the 
alfalfa infection. Strain FRDl, a typical mucoid CF isolate, and various iso- 
genic mutants have been tested for alfalfa seedling infection. A defect in algi- 
nate biosynthesis results in plant disease with >3 -fold more bacteria per plant, 
suggesting that alginate overproduction actually attenuates bacterial growth 
in planta. FRDl derivatives with algT{algU) defects were reduced >50% in 
the frequency of infection. Thus, apparently regulates factors in mucoid CF 
strains, besides alginate, that are important for pathogenesis in this model and 
possibly in the CF lung^^l 
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1. INTRODUCTION 

Fatty acid synthesis (FAS) is essential for cellular function by providing 
precursors for synthesis of numerous cellular constituents, including phospho- 
lipids^^, lipopolysaccharides^"^, rhamnolipids^’ polyhydroxyalkanoic acids^’^\ 
oligosaccharides^^’ and proteins"^^. More recently, acyl-acyl carrier proteins 
(acyl-ACPs) derived from the fatty acid biosynthetic (Fab) pathway were 
shown to be the acyl donors for synthesis of acylated homoserine lactones 
(AHLs) that are required for cell-to-cell communication and the many 
processes depending on it"^^’ In addition, fatty acids play numerous 

other diverse roles in the physiology of pseudomonads. Adaptive alterations of 
membrane fatty acids and phospholipids play a role in the solvent tolerance of 
Pseudomonas putida and probably other pseudomonads^^’ Such adaptive 
fatty acid alterations also occur in response to changes in growth conditions, 
with temperature and growth phase being the most influential parameters in 
Pseudomonas aeruginosa^^ . Fatty acid composition of phospholipids also can 
influence some behavioral traits, such as P aeruginosa twitching motility up 
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phospholipid gradients^^. The unique fatty acid patterns of individual 
Pseudomonas strains determined by gas chromatographic analysis can be 
utilized to identify individual bacterial species^^’ This technology forms 
the basis of the commercially available Sherlock® microbial identification 
system (MIDI, Inc., Newark, Delaware, USA). 

Despite the importance that fatty acids play in the physiology and viru- 
lence of many pseudomonads, the genetics and molecular biology of 
pseudomonal fatty acid biosynthesis and its linked pathways have mostly been 
elucidated in R aeruginosa. While this chapter will in many parts focus on this 
bacterium, it can be anticipated that the general pathways will be similar in 
other pseudomonads and related bacteria, with the exception of the synthesis 
of some unique cellular constituents that most likely will require some unique 
enzymes not found in R aeruginosa. Wherever these unique aspects are 
known, they are described in this chapter. 



2. ENZYMES AND PROTEINS OF Pseudomonas 
FATTY ACID SYNTHESIS 

Fatty acid biosynthetic pathways typically exist in two distinct molecular 
forms called types I and II. In type I pathways, the active sites catalyzing the 
diverse biosynthetic functions are found in distinct domains of large 
multifunctional proteins, either in a single protein (as in mammals and 
mycobacteria) or divided between two interacting proteins (as in fimgi and 
Corynebacterium ammoniagenes)^’ In contrast, each catalytic activity 
involved in type II FAS systems is contained in a discrete protein^’ In most 
bacteria, including P. aeruginosa, the genes encoding bacterial FAS enzymes 
can either be clustered or encoded by single genes (Table 1). The extremes 
with regard to genetic organization are Aquifex aeolicus, in which only two 
fab genes are adjacent and Clostridium acetobutylicum, in which the entire 
pathway of saturated FAS is contained in a single gene cluster^. 

Fatty acid synthesis can be roughly divided into two phases, the initiation 
phase and the elongation phase (Figure 1). These phases have been best 
characterized in E. coli^, and genetic and in vitro evidence indicates that 
similar reactions operate in P. aeruginosa!^^~^^’ In the initiation phase, 
the two-carbon molecule acetyl-coenzyme A (acetyl-CoA) is converted to the 
three-carbon molecule malonyl-CoA in the ATP-dependent acetyl carboxylase 
reaction. The malonyl group is then transacylated onto ACP by FabD in a 
malonyl-CoA:ACP transacylation reaction. During the elongation phase, the 
malonyl-ACP is condensed by one of several condensation enzymes with 
either an acetyl-CoA (1st round of elongation; thought to be catalyzed by 
FabH) or malonyl-ACP (subsequent rounds of elongation; catalyzed by FabB 
and FabF) to form a P-ketoacyl-ACP, which then undergoes consecutive 
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Table 1. Genes and enzymes of R aeruginosa FAS and modification. 



Genes and enzyme fiinction or pathway 


PA 

number^ 


Gene arrangement 


References 


Acetyl-CoA carboxylase 

accA Carboxyl-transferase subunit 


PA3639 


Alone 


[5] 


accB Biotin carboxylase carrier protein 


PA4847 


accB accC 


[5] 


accC Biotin carboxylase 


PA4848 


accB accC 


[5] 


accD Carboxyl-transferase subunit 


PA3112 


Alone 


[5] 


Saturated FAS 

acpP Apo-acyl carrier protein (apo-ACP) 


PA2966 


fab cluster 


[56] 


fabD Malonyl-CoA:ACP transacylase 


PA2968 


fab cluster 


[56] 


fabFl p-ketoacyl-ACP synthase II 


PA2965 


fab cluster 


[56] 


fabG P-ketoacyl-ACP reductase 


PA2967 


fab cluster 


[56] 


fabi Enoyl-ACP reductase I 


PA1806 


Last gene in an unrelated 


[41] 


fabK Enoyl-ACP reductase II 


? 


oligopeptide permease- 
encoding operon 
? 




fabZ p-hydroxyacyl-ACP dehydrase 


PA3645 


Lipid A cluster 


[43] 


Unsaturated FAS 
fabA p-hydroxyacyl-ACP 


PA1610 


fabA fabB 


[42] 


dehydrase/isomerase 
fabB P-ketoacyl-ACP synthase I 


PA1609 


fabA fabB 


[42] 


Peripheral enzymes 
pcpS ACP synthase 


PA1165 


Alone 


[25] 


rhlG P-ketoacyl reductase 


PA3387 


Alone 


[9] 


phaG P-hydoxyacyl-ACP:CoA 


PA0730 


Alone 


[45] 


transacylase 
birA Biotin ligase 


PA4280 


Alone 




Potential other FAS/modiJying enzymes 
fabF2 p-ketoacyl-ACP synthase II 


PA1373 


Alone 




Acyl carrier protein 


PA1869 


Alone 




Acyl carrier protein 


PA3334 


PA3330-PA3334 cluster? 




Fatty acid desaturase 


PA0286 


Alone 




Cis-trans isomerase 


PA1846 


Alone 




Long chain acyl-CoA synthase 


PA2893 


Cluster with other genes 




fabH2 Probable 3-oxo-acyl-ACP 


PA3333 


PA3330-PA3334 cluster? 




synthase III 

Medium chain acyl-CoA ligase 


PA3924 


Clustered with PA3925? 




Acyl-CoA thiolase 


PA3925 


Clustered with PA3924? 




tesB Acyl-CoA thioesterase 


PA3942 


Alone 




p-ketoacyl synthase 


PA5174 


Alone 





*Gene annotations and open reading frame (PA) numbers are taken from the annotated PAOl genome 
sequence^^ (www.pseudomonas.com). 



reduction, dehydration and reduction reactions to complete each round of 
chain elongation, resulting in acyl-ACPs. For synthesis of saturated fatty acids, 
the elongation process is repeated until the acyl chain reaches the desired 
length (usually 14-18 carbons in Gram-negative bacteria). In the a and y 






86 



Herbert P. Schweizer 



NADI 



NADH 




Acyl-ACP 




CoA-SH 

+ 

COo 



frans-2-Enoyl-ACP Elongation p-Ketoacyl-ACP 






\ FabA 



Cycle 



Fabc/^NADPH 



FabH 






p-Hydroxyacyl-ACP 



A..... 



NADP^ 



Acetyl-CoA 

Malonyl-CoA 

L-ACP-SH 
FabD( 

r^CoA-SH 

Malonyl-ACP 

Initiation 



Figure 1. Pathway of bacterial fatty acid biosynthesis. Acetyl-CoA is carboxylated by the 
AccABCD acetyl-CoA carboxylase complex (ACC) to form malonyl-CoA, which is then trans- 
ferred to holo-acyl carrier protein (ACP-SH) by malonyl-CoAiACP transacylase (FabD). FAS is 
then performed in a repeated cycle of condensation by various P-ketoacyl-ACP synthases (FabB, 
FabF or FabH), reduction by |3-ketoacyl-ACP reductase (FabG), dehydration by P-ketoacyl-ACP 
dehydrases (FabA or FabZ) and reduction by enoyl-ACP reductases (FabI; or FabK or FabL in 
some bacteria; R aeruginosa uses FabI and FabK). FabH is thought to only catalyze the initial con- 
densation of acetyl-CoA and malonyl-CoA, whereas in subsequent cycles FabB and FabF catalyze 
condensation of acyl-ACP and malonyl-ACP, releasing holo-ACP and CO 2 . All of the enzymes, 
with the exception of FabH, were shown to exist and function in R aeruginosa. Other abbreviation: 
CoA-SH, reduced coenzyme A. 



Full-length Unsaturated Fatty Acid ◄- 



FabG, etc. 



R = CH3-(CH2)s for FabA 



p-Ketoacyl-ACP 

H H o O 

I I II II 

R-C=C-C-CH2-C~ACP 



OH O HO 

I II FabA I II 

R-CH2-C-CH2-C~ACP — N. ■ - ► R-CH2-C=C-C~ACP 
I > ' I 

H HoO H 



FabA 



^ ACP + COo 

FabB C 

^ Malonyl-ACP 

H H O 

I I II 

-> R-C=C-CH,-C~ACP 



p-Hydroxyacyl-ACP 



fra/7s-2-Acyl-ACP 



c/s-3-Acyl-ACP 



Figure 2. The anaerobic pathway for synthesis of unsaturated fatty acids. This pathway is found 
in the a and 7 Proteobacteria. In the reactions shown, FabA catalyzes the isomerization of the 
trans-2 double bond to a cis-3 double bond at the 10 carbon stage of FAS. The cis-3 product is 
then condensed with malonyl-ACP to form a P-ketoacyl-ACP, essentially bypassing the enoyl- 
ACP reductase (FabI) step and thus maintaining the double bond. In subsequent rounds of 
elongation, the acyl chain is then elongated to the full-length unsaturated fatty acid. 

Proteobacteria, saturated and unsaturated FAS are linked via the anaerobic 
unsaturated fatty acid biosynthetic pathway (Figure 2). 

The unsaturated fatty acids are produced via an isomerization of the 
trans-2 double bond to a cis-2> double bond at the 10 carbon stage of 
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synthesis*®’ This isomerization is catalyzed by FabA. The cis-3 product is 
then condensed with malonyl-ACP to form a P-ketoacyl-ACP, essentially 
bypassing the enoyl-ACP reductase (FabI) step and thus maintaining the dou- 
ble bond. In subsequent rounds of elongation, the acyl chain is then extended 
to the full-length product. Since both FabA and FabB play essential roles in 
this process, mutations in either locus lead to unsaturated fatty acid auxotro- 
phy'*^. FabF is responsible for modulation of the chain length of unsaturated 
fatty acids: At low temperature, P. aeruginosa makes more c/s-vaccenic acid, 
and this adaptation is impaired in fabF mutants®®. 

2.1. Acyl Carrier Protein 

In most bacteria, the growing acyl chain remains tethered to ACP during 
de novo fatty acid biosynthesis. One exception is the FAS I system of 
mycobacteria in which growing acyl chains are tethered to coenzyme A'*. 
Bacterial ACPs are small, highly acidic proteins: for example, the P. aeruginosa 
ACP is 8,583 Da and has a calculated pi of 3.8®®. To gain functionality, the 
apo-ACP encoded by the chromosomal acpP requires covalent modification 
by transfer of the 4'-phosphopantetheine group from coenzyme A to a con- 
served serine residue (Figure 3). In P. aeruginosa, this reaction is catalyzed by 
a new type of phosphopantetheinyl transferase, PcpS, which functions in both 
fatty acid and siderophore synthesis^®. Although PcpS is peripheral to the 






Coenzyme A 

OH „ 3',5'-ADP 

f r^H PcpS 




■c4-cr 

I 

,0 






AcpD 



h 



Ah 



Apo-ACP 



OH 



Holo-ACP 



4'-Phosphopantetheine 



Figure 3. Reactions involved in the modification of ACR Apo-ACP is covalently modified by 
holo-ACP synthase (PcpS in E aeruginosa) by transfer of the 4'-phosphopantetheine prosthetic 
group from coenzyme A to a conserved serine in apo-ACP resulting in formation of holo-ACP. 
This reaction can be reversed by holo-ACP phosphodiesterase (AcpD), although the physiological 
role of this reaction remains obscure. The stippled arrow indicates the site of ester bond formation 
between the serine hydroxyl and the 4'-phosphopantetheine of coenzyme A. 
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Fab pathway, it is nonetheless an essential component of this pathway, which 
explains its essentiality for bacterial growth^^ (N. Barekzi and H.R Schweizer, 
unpublished observations). Although its physiological role remains obscure, in 
Escherichia coli, an ACP phosphodiesterase (AcpD) was proposed to convert 
holo-ACP to apo-ACP by removal of the 4'-phosphopantetheine prosthetic 
group^^ (Figure 3) but the gene encoding this enzymatic activity remains yet to 
be identified. The relationship of this enzyme to FAS, if any, remains unknown. 
The acpP gene is located in the major P. aeruginosa fab gene cluster that also 
contains fabD, fabG and fabFP^, The P aeruginosa ACP has been purified and 
its function demonstrated in vitro"^^’ Besides acpP, the P aeruginosa chro- 
mosome contains two additional genes for probable ACPs (Table 1). However, 
although one of them may be clustered with a potential Fab enzyme, FabH or 
P-ketoacyl-ACP synthase III, neither of these probable ACPs can apparently 
substitute for the ac/?P-encoded ACP in FAS since acpP is an essential gene^^. 

2.2. Acetyl-CoA Carboxylase 

Fatty acid synthesis is initiated by carboxylation of acetyl-CoA. This 
ATP-dependent reaction is catalyzed by the multisubunit acetyl-CoA carboxy- 
lase complex (AccABCD). Since P aeruginosa contains homologs of all four 
enzyme subunits, whose function was demonstrated in E. coli, it can be 
assumed that the overall reaction proceeds in a very similar fashion in the two 
bacteria^. The acetyl carboxylase reaction can be divided into two half reac- 
tions. In the first reaction, the CO 2 moiety of bicarbonate is activated and 
transferred to biotin carboxylase carrier protein (BCCP; AccB) in a reaction 
catalyzed by biotin carboxylase (AccC). In the second reaction, the CO 2 group 
is transferred from carboxybiotin to acetyl-CoA to form malonyl-CoA in a 
reaction catalyzed by the two carboxyl transferase subunits (AccA and AccD). 
The biotin cofactor must be covalently attached to the AccB subunit via a 
biotin protein ligase, another peripheral, albeit essential, FAS-related protein. 
A gene, PA4280, that is homologs to the bifunctional biotin protein 
ligase/biotin repressor gene birA of E. coli is present in P aeruginosa, 
although its functionality has not yet been demonstrated. 

2.3. Malonyl-CoAiACP Transacylase 

Malonyl-CoAiACP transacylase is encoded by the fabD gene, which is 
located in the major P aeruginosa fab gene cluster that also contains acpP, 
fabFl and fabG^^. This enzyme catalyzes the transthioesterification of mal- 
onate from coenzyme A to ACP. A temperature-sensitive fabD allele blocks 
P aeruginosa growth at nonpermissive temperatures indicating that malonyl- 
CoAiACP transacylase is not only essential for FAS but also that fabD is the 
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only R aeruginosa gene encoding this Fab activity^^. The R aeruginosa FabD 
protein has been purified and exhibits malonyl-CoA: ACP transacylase activity 
in vitro"^^’ 

2.4. p-Ketoacyl-ACP Synthases 

The R aeruginosa genome contains genes for several potential (3-ketoacyl- 
ACP synthases (KAS) or condensing enzymes: fabB encoding KAS l,fabFl 
encoding KAS II, fabF2 encoding another probable KAS II enzyme and 
fabHl, which encodes a KAS III candidate enzyme. All of these are located in 
distinct chromosomal locations. 

The fabB gene is the second gene of the fabAB operon^^. Mutants defec- 
tive in fabB are unsaturated fatty acid auxotrophs, consistent with a major role 
of this enzyme in unsaturated FAS"^^. FabB was essential for chain elongation 
in an in vitro FAS system, indicating that it can also perform all elongation 
steps in saturated FAS"^^. 

The fabFl gene is located in the major R aeruginosa fab gene cluster 
that also contains acpR, fabD and fabG^^. A fabFl insertion mutant was gen- 
erated and contained substantially reduced levels of c/y-vaccenic acid, consis- 
tent with a crucial role of FabFl in unsaturated FAS^^. Thus, both FabB and 
FabFl play important roles in unsaturated FAS. In E. coli, FabB is required for 
elongation of an intermediate early precursor in unsaturated FAS, whereas 
FabF is required for the last step in the unsaturated pathway^’ and in 
R aeruginosa FabB and FabFl probably play similar roles. Since a fabB 
mutant is seemingly unimpaired in saturated FAS, it appears that, like FabB, 
FabF seems to be able to perform all elongation steps in this pathway. 

In E. coli, FabH (or KAS III) is apparently responsible for the synthesis 
of short-chain acyl-ACPs. This synthase is distinct from synthases I and II 
because of its use of acetyl-CoA rather than acetyl-ACP as the immediate 
precursor of the methyl end of the nascent fatty acid^’ Since E. coli FabH 
produces mainly four carbon keto acids and cannot make long-chain fatty 
acids, KAS III was attributed a role in the initiation of FAS. This remains 
unproven, however, because fabH mutants have not been reported. Although 
R aeruginosa contains at least one potential gene for a KAS III enzyme, 
fabH2, purified FabH was not required for FAS from acetyl-CoA and malonyl- 
CoA in an in vitro FAS system"^^. Albeit not yet proven, FabB may be able to 
decarboxylate malonyl-ACP to acetyl-ACP and then condense these two mol- 
ecules to initiate the Fab cycle^^. Even though fabH2 maps next to another 
probable ACP-encoding gene, this does not necessarily imply a role in FAS but 
rather could also reflect its role in another ACP- and fatty acid modification- 
requiring pathway. This notion is supported by the fact that this probable 
ACP cannot substitute for the acpP-encoded ACP of the Fab pathway. 
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2.5. P-Ketoacyl-ACP Reductase 

As was demonstrated for other bacteria, the P aeruginosa P-ketoacyl-ACP 
reductase is encoded by fabG, an essential gene shown by characterization of 
a temperature-sensitive mutanf^^. The fabG gene is located in the major 
E aeruginosa fab gene cluster that also contains acpP, fabD and fabFl^^. The 
P aeruginosa FabG protein was purified and its NADPH-dependent P-ketoacyl- 
ACP reductase activity was essential for FAS from metabolic precursors in an 
in vitro system"^^. 

2.6. p-Hydroxyacyl-ACP Dehydrases 

The dehydration of P-hydroxyacyl-ACPs in P aeruginosa is catalyzed by 
two enzymes, FabA and FabZ, two activities that were previously characterized 
in E. colv"^. 

The P aeruginosa fabA gene is the first gene in the fabAB operon and 
non-polar fabA insertion mutants are unsaturated fatty acid auxotrophs"^^. This 
phenotype is consistent with FabA dehydrating |3-hydroxyacyl-ACPs and then 
isomerizing the resulting ^ra«5-2-acyl-ACPs to cw-3-acyl-ACPs, the double 
bonds of which become the cis double bond of unsaturated fatty acids after 
several cycles of chain elongation (Figure 2)^^. Since overproduction of FabA 
in E. coli increases saturated FAS, the FabA-produced ^raw^'-enoyl product is 
also capable of entering the saturated FAS pathway 

The finding that saturated FAS was unaffected in a fabA mutant strongly 
argued for the presence of a second dehydrase, FabZ, which was subsequently 
cloned, overexpressed and purified"^^. As in other Gram-negative bacteria, 
P aeruginosa fabZ is found within a cluster of lipid A biosynthetic genes. 
Unlike FabA, purified P aeruginosa FabZ was required for in vitro synthesis 
of fatty acids from acetyl-CoA and malonyl-CoA indicating that it functions 
on all chain lengths encountered during fatty acid biosynthesis'^^, 

2.7. Enoyl-ACP Reductase 

Enoyl-ACP reductase catalyzes the last step in each elongation cycle. 
Three distinct types of bacterial enoyl-ACP reductases exist (FabI, FabL and 
FabK)^^. Mutant analysis revealed that P aeruginosa contains at least two 
types of enoyl-ACP reductases, the triclosan-sensitive Fabl-mediated enoyl- 
ACP reductase activity and a triclosan-insensitive enoyl-ACP reductase 
activity'^^ which was subsequently termed FabK^^. Whereas it has been shown 
that the P aeruginosa fabi gene is the last gene in an oligopeptide permease 
operon (J. Cusick and H.P. Schweizer, unpublished observations), the fabK 
gene and its product remain unidentified. P aeruginosa Fabi was purified and 
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Table 2. Fatty acid biosynthetic genes in the genomes of R putida KT2440 
and R syringae DC3000. 



Gene 




P. putida 






R syringae 




Annotation 


Nucleotide 
(% identity)^ 


Protein 
(% identity)^ 


Nucleotide 
Annotation (% identity)^ 


Protein 
(% identity)^ 


fabA 


PP4174 


85 


89 


PSPT02211 


87 


92 


fabB 


PP4175 


84 


83 


PSPT02210 


82 


82 


fabD 


PP1913 


74 


63 


PSPT03833 


75 


67 


fabF 


PP1916 


80 


80 


PSPT03830 


78 


79 


fabG 


PP1914 


78 


83 


PSPT03832 


75 


82 


fabH 


PP4379 


ND 


26 


PSPT01916 


ND 


30 




PP4545 


ND 


26 


PSPT01948 


ND 


29 










PSPT04094 


ND 


25 


fabi 


ND2’3 


ND 


ND 


PSPT03721 


83 


90 


fabZ 


PP1602 


83 


86 


PSPT01545 


81 


86 


acpP 


PP1915 


84 


89 


PSPT03831 


85 


89 



^The respective E aeruginosa fab genes and translated coding sequences (see Table 1 for annotations and 
enzyme functions) were used in blastn and blastp searches of the Comprehensive Microbial Resource 
(CMR) databases at The Institute for Genomic Research (http://tigrblast,tigr.org/cmr-blast/), and the percent 
identity of the listed genes and proteins to the respective R aeruginosa homologs was determined. 
Annotations are those provided by the CMR. 

^ND, not detectable. 

blastp search using the R aeruginosa FabI amino acid sequence revealed several potential reading 
frames belonging to the oxidoreductase and short chain dehydrogenase/reductase families. 



its NADH-dependent enoyl-ACP reductase activity was demonstrated in 
vitro''®’ Although there is a high level of genome conservation between 
P. aeruginosa and P. putida, it is interesting to note that fabi is apparently 
absent from the P putida KT2440 genome™ (Table 2). 



3. FATTY ACID BIOSYNTHETIC ENZYMES IN 
OTHER PSEUDOMONADS 

The recent completion of the P. putida KT2440^® and P. syringae 
(www.tigr.org) genomes allows a closer examination of the presence, genomic 
organization and degree of conservation of the fab genes and their products 
(Table 2). 

With the exception of/aft/f and fabi, the degree of conservation, in terms 
of fab (and acpP) gene (product) similarity and organization, in the three 
genomes is striking: (a) they all contain a major fab gene cluster and within 
this cluster the gene order is the same (fabF-acpP-fabG-fabD), with fabH 
being absent from this cluster; (b) all three genomes contain a probable fabAB 
operon (this has been proved for P. aeruginosa); (c) the fabZ gene is located 
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outside of the fab gene clusters; (d) the degrees of similarity of the genes and 
their products are very high, both at the nucleotide and amino acid level; and 
(e) all genomes encode at least one additional probable (3-ketoacyl-ACP 
synthase II (FabF2). However, some noteworthy differences do exist. First, 
although all genomes contain putative FabH homologs, the degree of conser- 
vation is low and therefore a role of this gene and its product in fatty acid 
biosynthesis becomes even more questionable. Second, although there is a 
high level of genome conservation between R aeruginosa and R putida (85% 
of the coding regions are shared), the fabi gone, encoding enoyl-ACP reductase 
is seemingly missing from the R putida KT2440 genome. Therefore, R putida 
most likely contains a FabK- or FabL-type enoyl-ACP reductase. 

Given the presence of almost identical fab and acpR gene complements 
in R aeruginosa, R putida and Rseudomonas syringae, the fatty acid biosyn- 
thetic pathways are probably very similar in these three pseudomonads. 



4, POSTSYNTHETIC MODIFICATIONS 

Bacterial lipids and fatty acids undergo various postsynthetic modifica- 
tions. Two of the most significant modifications known are cis-trans isomeri- 
zation and formation of cyclopropane fatty acids. Both these modifications do 
not involve free fatty acids, or coenzyme A- and ACP-linked fatty acids, but 
rather use mature phospholipid molecules that are already incorporated into 
and functioning within membrane bilayers. 

4.1. Cis-Trans Isomerization 

The cis-trans isomerization of fatty acids plays an important role in sol- 
vent tolerance of bacteria^^’ Although among pseudomonads this postsyn- 
thetic modification has been best characterized in R putida^^’ it occurs in 
many other bacteria^"^. Since the cis unsaturated fatty acid isomers are those 
synthesized by the cell, they are present in many bacteria but the trans isomers 
are less widespread^^. It has been proposed that cis-trans isomerization of 
unsaturated fatty acids may be a possible control mechanism of membrane flui- 
dity by increasing membrane rigidity^^’ In response to exposure to various 
solvents and aromatic compounds, various R putida strains rapidly shift their 
cis to tran^ ratio, and this shift does not require de novo protein synthesis. The 
(mainly) palmitoleic (Cl 6) and vaccenic acid (Cl 8) trans isomers are directly 
and rapidly (within 1 min of exposure) synthesized from the respective cis iso- 
mers without shift in the position of the double bond^^’ It is currently 
unclear how cells sense the presence of organic solvents and activate cis-trans 
isomerase (Cti) enzymes. Genes encoding Cti enzymes have been cloned from 
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various R putida strains"^^’ and also from Pseudomonas oleovorans^^ . These 
studies indicated that Cti is a periplasmic protein. A R putida Cti null mutant 
was unable to isomerize c/^-unsaturated fatty acids and it was used to demon- 
strate that cis-trans isomerization of fatty acids was required to improve the 
survival of this strain to toluene and high temperatures^ ^ Since cis-trans 
isomerization occurs rapidly and only partially confers solvent tolerance, it is 
considered a short-term response mechanism and other, longer-term mecha- 
nisms, such as phospholipid head group modifications and active efflux 
mechanisms clearly contribute to the overall solvent tolerance of many 
bacteria^^. Although efflux has been shown to also play an important role of 
R aeruginosa organic solvent tolerance^^, it is not known whether a putative 
Cti enzyme (Table 1) participates in this process. 

4.2. Cyclopropane Fatty Acid Synthesis 

Cyclopropane fatty acids (CFAs) are widely distributed among the bacteria 
and are formed by the addition of a methyl group from S-adenosylmethionine 
across the double bond of unsaturated fatty acids^^. CFAs are usually synthesized 
at the onset of stationary phase. Despite the fact that the unsaturated double bond 
in membrane phospholipids is normally sequestered deep within the hydropho- 
bic interior of the lipd bilayer, this reaction is catalyzed by a soluble CFA 
synthase in E. coli^^^. E. coli CFA synthase expression is inducible by virtue of 
the stationary-phase sigma factor RpoS^^^ and enzyme activity is transient due 
to RpoH-dependent proteolysis^ ^ Among the pseudomonads, induced synthesis 
of CFA synthase activity was reported in Pseudomonas denitrificans'^^’ 
Pseudomonas ftuorescens^^ and Pseudomonas aeruginosa^^ . Although the 
expression ofP denitrificans^^ md P aeruginosa^^ CFA synthases seemed to be 
growth-phase dependent, the molecular mechanisms governing this expression 
pattern remain unknown. In some pseudomonads, CFA can make up a large pro- 
portion of cellular fatty acids. For example, in P putida, DOT-Tl cells grown in 
Luria-Bertani medium c/5'-9, 10-methylene hexadecanoic acid (C17:cyclo- 
propane) represented up to 30% of the total fatty acid content^^. Although its 
biological significance remains obscure, the accumulation of C17 : 0 CFA was 
cited as a conserved trait in fluorescent pseudomonads with antifungal activity^^. 



5. OTHER ENZYMES RELATED TO 
FATTY ACID SYNTHESIS 

The P aeruginosa genome contains several other genes whose products 
could potentially be related to or function in fatty acid biosynthesis and/or 
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modification (Table 1). For example, although it is generally believed that in 
7 Proteobacteria unsaturated fatty acids are only produced via the classic 
anaerobic pathway, which requires the key enzyme FabA, R aeruginosa also 
encodes a potential fatty acid desaturase. Desaturases are believed to function 
in the only other known pathway of unsaturated FAS where they catalyze 
desaturation of full-length fatty acids to unsaturated derivatives. However, 
desaturases are thought to occur only in aerobic organisms such as Bacillus 
subtilis^. 



6 . BIOLOGICALLY SIGNIFICANT 
ACYL TRANSFER REACTIONS 

Despite the fact that pseudomonads require fatty acids for biosynthesis of 
various constituent cellular macromolecules of biological importance, including 
phospholipids, rhamnolipids, lipid A, lipoproteins, etc., many of the pathways 
involved in the biosynthesis of these molecules have not been elucidated in any 
great detail in these bacteria. Although the available genome sequences reveal 
many conserved genes that allow an elucidation of conserved themes among 
related pathways of Gram-negative organisms, the exact function and architec- 
ture of many of these pathways awaits genetic and biochemical analyses. 
Nonetheless, several acyl transfer-requiring pathways in pseudomonads have 
been characterized in greater detail and will be summarized here (other chapters 
in these volumes will present more details on some of these topics, particularly 
quorum sensing, lipopolysaccharide and polyhyroxyalkanoic acids). 

6.1. Acylated Homoserine Lactone Synthesis 

Acylated homoserine lactones (AHLs) are involved in cell-cell commu- 
nication of Gram-negative bacteria^^. Many pseudomonads produce AHLs, 
including Pseudomonas aeruginosa^^’ Pseudomonas fluorescens^^ , 

Pseudomonas putida^^, Pseudomonas chlororaphis^^ , Pseudomonas 
aureofaciens^^^ and many other plant-associated pseudomonads^®. 

Among pseudomonads, quorum-sensing is best understood in the impor- 
tant opportunistic pathogen P aeruginosa, where it is required for expression 
of numerous virulence factors^^’ P aeruginosa produces two Luxl-type AHL 

synthases, LasI and Rhll, which are required for synthesis of butyryl-HSL and 
3-oxo-dodecanoyl-HSL, respectively. It has been well established that the acyl 
group is derived from acyl-ACPs from the fatty acid biosynthetic pathway and 
that the HSL moiety is derived from S-adenosylmethionine"^^’ 

A reaction mechanism was proposed for AHL synthesis by Luxl-type 
proteins^^’ (Figure 4). Most of the different acyl chains found in the AHLs, 
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Figure 4. Acyl transfer in synthesis of AHL. LuxI enzymes use S-adenosylmethionine (SAM) 
and specific acyl-ACP as substrates for synthesis of AHL. The enzyme directs formation of an 
amide linkage between SAM and the acyl moiety of the acyl-ACP via the amino group nucle- 
ophile of SAM (stippled arrow labeled 1). Subsequent lactonization (stippled arrow labeled 2) of 
the ligated intermediate with the concomitant release of methylthioadenosine and holo-ACP 
occurs, resulting in the formation of AHL. Shown in the figure is A-butyryl-homoserine lactone, 
which is synthesized by Rhll of P. aeruginosa. 

namely 3-unsubstituted, 3-hydroxy and 3-oxo, can directly be derived from the 
Fab pathway (Figure 1) by competing with the respective Fab enzymes for the 
required acyl-ACP substrates. For example, P. aeruginosa LasI competes 
with FabG for its 3-oxo-acyl-ACP substrates and FabG activity seems to be a 
determining factor of acyl chain lengths found in 3-oxo- AHLs"^^. 

6.2. Rhamnolipid Synthesis 

Rhamnolipids are tenso-active glycolipids containing one (mono- 
rhamnolipid) or two (di-rhamnolipid) L-rhamnose molecules^^. These com- 
pounds are biodegradable and have potential industrial and environmental 
applications^^’ as well may serve as possible biocontrol agents against plant 
zoosporic pathogens^^. 

In R aeruginosa it has been shown that the metabolic precursors 
required for rhamnolipid synthesis are derived from the Fab pathway via the 
presumably NADPH-dependent p-ketoacyl-ACP reductase, RhlG, which is 
specifically involved in rhamnolipid synthesis^ (Figure 5), This enzyme 
reduces P-ketodecanoyl-ACP from the Fab pathway to (3-hydroxydecanoyl- 
ACP The (3-hydroxydecanoyl moiety is then transferred to coenzyme A by 
an unknown |3-hydroxydecanoyl-ACP:CoA transacylase (PhaG?) with con- 
comitant release of holo-ACP Next, (3-hydroxydecanoyl-(3-hydroxydecanoate 
is formed by combining two P-hydroxydecanoyl-CoA molecules in the 
polyhydroxyalkanoate synthase (PhaC) catalyzed reaction. R aeruginosa 
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Acetyl-CoA 



Rhamnolipid 




Figure 5. Proposed pathways for rhamnolipid and polyhydroxyalkanoate synthesis. Intermediates 
from the Fab pathway are fimneled into rhamnolipid and polyhydroxyalkanoates of medium chain 
length (PHAmcl) via the indicated enzymes. For steps and enzymes involved in the Fab cycle, see 
legend to Figure 1. The proposed FabH-catalyzed initiation reaction (see Figure 1) is not shown. 
Abbreviations: ACC, acetyl carboxylase complex (AccABCD), ACP-SH, holo-ACP; CoA-SH, 
reduced coenzyme A; PhaC, PHA synthase; PhaG, p-hydroxyacyl-ACP:CoA transacylase; RhlG, 
p-ketoacyl-ACP reductase; RhlAB, rhamnosyltransferase 1; RhlC, rhamnosyltransferase 2. The 
question marks indicate unconfirmed metabolic routes. 



rhamnosyltransferase 1 (RhlAB) then catalyzes the synthesis of 
mono-rhamnolipid from TDP-L-rhamnose and P-hydroxydecanoyl-|3- 
hydroxydecanoate^^. Finally, rhamnosyltransferase 2 (RhlC) promotes the 
synthesis of di-rhamnolipid from TDP-rhamnose and mono-rhamnolipid^^. 
Since the expression of both rhamnosyltransferases is regulated at the transcrip- 
tional level by the quorum sensing regulatory circuits^^’ significant rhamno- 
lipid synthesis does not occur until the onset of stationary phase. The 
rhamnolipid biosynthetic operon is absent from the P. putida KT2440 genome^^. 

6.3. Polyhydroxyalkanoate Synthesis 

Polyhydroxyalkanoates (PHAs) are bacterial storage compounds, which 
are deposited as intracellular water-insoluble inclusions^’ Most fluorescent 
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pseudomonads, including R aeruginosa and R putida, are able to synthesize 
and accumulate large amounts of PHAs consisting of various (3-hydroxy fatty 
acids. These PHAs are of medium chain length (PHAmcl)? ranging from 6 to 14 
carbons^’ The composition of PHAs depends on the PH A synthases, the car- 
bon source and the metabolic routes involved in their synthesis^^’ In 
R putida KT2442 cells using fatty acids as carbon source, ^-oxidation is 
the main pathway^^. In contrast, when cells grow on carbon sources that are 
metabolized to acetyl-CoA, for example, gluconate or acetate, fatty acid 
biosynthesis is the main route of synthesis (Figure 5). In some instances, for 
example, during growth on hexanoate, both metabolic routes function 
simultaneously"^^. Evidence was also presented that during growth of R putida 
KT2442 on medium-chain-length fatty acids, PHA precursors can be 
generated by elongation of these fatty acids with an acetyl-CoA molecule"^^. 

Although it has been established that the FabG-mediated generation of 
p-hydroxyacyl-ACPs is a required step in PHA^cl synthesis^\ purified 
R aeruginosa PHA^cl synthases (PhaC) use P-hydroxydecanoyl-CoA as the 
substrate^^. The (3-hydroxyacyl-ACPs, which are the corresponding intermedi- 
ates of the Fab pathway, must therefore be converted to the corresponding 
P-hydroxyacyl-CoA derivatives. This direct link between fatty acid biosynthesis 
and PHA synthesis is provided by a transacylase enzyme (PhaG), which 
transfers the P-hydroxyacyl moiety from the AGP thioester to coenzyme A^^. 
The PhaG transacylase-mediated pathway seems widespread among 
pseudomonads^^’ The medium-chain length PHAs are then synthesized 
by polymerization of P-hydroxyacids by PHA synthase (PhaC)^^’ Although 
P-hydroxydecanoic acids are constituents of both R aeruginosa PHAs and 
rhamnolipids, PHA synthesis during hexadecane fermentation was found to 
occur only during active cell growth, while significant rhamnolipid synthesis 
was observed only at the onset of and during stationary phase growth^^. 
The latter observation is consistent with previous findings which showed that 
the expression of both rhamnosyltransferases is governed by the quorum- 
sensing regulatory circuit^^’ 

6.4. Lipid A Synthesis 

Lipopolysaccharide of R aeruginosa is an important virulence factor^^. 
Like other LPS molecules, it contains a hydrophobic domain known as lipid A 
(or endotoxin), a nonrepeating “core” oligosaccharide and a distal polysac- 
charide (or 0-antigen). 

The lipid A of /? aeruginosa LPS contains six acyl moieties^"^ (Figure 6). 
During lipid A biosynthesis these are sequentially incorporated using the respec- 
tive acyl- AGP substrates derived from the Fab pathway^"^. The first 10 carbon 
fatty acid is incorporated by a UDP-A-acetylglucosamine acyltransferase 
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(LpxA). This enzyme has an absolute requirement for an ACP thioester and is 
selective for P-hydroxydecanoyl-ACP^^. Single amino acid substitutions can 
convert P. aeruginosa LpxA to a 14-carbon-specific acyltransferase that has 
the same selectivity for p-hydroxymyristoyl as the E. coli LpxA^^^. The second 
fatty acid incorporated is the 12 carbon P-hydroxylaurate moiety from 
P-hydroxylauroyl-ACP by LpxD to generate UDP-2,3-diacylglucosamine. 
After formation of the disaccharide, the final two secondary fatty acids that 
are incorporated per monosaccharide are laurates (Cl 2)^^’ These reactions 
are catalyzed by two enzymes that are othologs of E. coli LpxL. 

Pathogenic bacteria synthesize different forms of lipid A in response to 
environmental conditions that include limiting Mg^^ and conditions encoun- 
tered during mammalian infections^"^. One such modification of LPS found in 
R aeruginosa isolated from cystic fibrosis airways is the addition of a sec- 
ondary palmitoyl chain^"^ (Figure 6). In contrast to all other acyl residues found 
in lipid A, including the secondary laurate residues, the secondary palmitoyl 
chain is not incorporated by an ACP-dependent mechanism^^. 

6.5. Phospholipid Synthesis 

Phospholipids are essential for the integrity and biological functions of 
bacterial membranes and phospholipid modifications are involved in 
biological adaptations of bacteria, for example, solvent tolerance^^’ 
Although most pseudomonads contain many of the phospholipid species 
found in E. coli, for example, phosphatidylethanolamine, they also have 
the capability to biosynthesize some phospholipids that are not found in 
E. coli (e.g., ornithine-containing lipids in several pseudomonads^^ and 
phosphatidylcholine in R aeruginosa^^"^). 

In Eubacteria, phospholipids are comprised of an ^-w-glycerol-S- 
phosphate (G3P) molecule, whose glycerol backbone is esterified with two 
fatty acids^^. The fatty acid substrates are acyl-ACPs from the fatty acid 
biosynthetic pathway. The fatty acid moieties are transferred to G3P in two 
successive reactions. The first enzyme transfers fatty acids to the 1 position of 
the glycerol backbone and the second enzyme then esterifies the 2 position 
with a second fatty acid. The asymmetrical distribution of fatty acids between 
the 1 and 2 positions is controlled in part by the acyl chain specificity of the 
acyltransferases. The molecule resulting from diacylation of G3P is phospha- 
tidic acid. Phosphatidic acid is an intermediate in phospholipid synthesis and 
is rapidly converted to CDP-diacylglycerol by CDP-diacylglycerol synthase. 
Other lipids are derived from CDP-diacylglycerol by the action of various 
modifying enzymes. For example, phosphatidylserine is derived from CDP- 
diacylglycerol by condensation with serine, a reaction catalyzed by phos- 
phatidylserine synthase. Phosphatidylserine is then decarboxylated by 
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Figure 6. Structure of R aeruginosa lipid A. The hexacyl disaccharide- 1, 4 '-bis-Phosphate unit of 
lipid A contains two 3-deoxy-D-manno-octulosante (Kdo) units that are indicated by Kdo 2 - Other 
abbreviations: CIOOH, ^-hydroxydecanoate; C120H, ^-hydroxylaurate; Cl 2, laurate; 
Cl 6, palmitate. The palmitate modification is only found in certain clinical isolates and the site of 
modification is indicated by the arrow. With the exception of the C16 palmitoyl chain, all other 
fatty acids are incorporated by enzymes that require ACP-linked acyl moieties. 



phosphatidylserine decarboxylase to form phosphatidylethanolamine. Even 
though little is known about the phospholipid biosynthetic pathways in 
pseudomonads, it can be assumed that the basic pathways in these bacteria are 
very similar to the one characterized in E. coli because the genomes of 
R aeruginosa and other pseudomonads encode homologs of the E. coli 
phospholipid biosynthetic enzymes. However, the presence of unique 
phospholipids in the pseudomonads necessitates unique enzymes. One of 
these was recently demonstrated in R aeruginosa, which synthesizes 
phosphatidylcholine via the choline-dependent pathway^^"^. In this pathway. 
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phosphatidylcholine synthase (Pcs) condenses choline directly with CDP- 
diacylglycerol to form phosphatidylcholine in one step^^’ 



7. FATTY ACID BIOSYNTHESIS AS TARGET 
FOR ANTIBACTERIAL DRUGS 

Due to the essential nature of many of the enzymes involved in bacterial 
fatty acid biosynthesis, the Fab pathway offers some attractive targets for 
antibacterial drugs. Although a good number of FAS inhibitors have been iden- 
tified (Figure 7), many of these drugs target the same Fab enzymes^’ and 
only the antimycobacterial drugs isoniazid and ethionamide are currently in 
clinical use^’ Whereas no inhibitors of acetyl-CoA carboxylase (ACC), 
malonyl-CoAiACP transacylase (FabD) and (J-ketoacyl-ACP reductase 
(FabG) are known, an inhibitor of P-hydroxyacyl-ACP dehydrase (FabA), and 
several inhibitors of p-ketoacyl-ACP synthases (FabB, FabF and FabH), as 
well as enoyl-ACP reductase (FabI) have been identified and characterized. 

7.1. Dehydrase Inhibitors 

The only known inhibitor of P-hydroxyacyl-ACP dehydrase activity 
is the specific-mechanism-activated FabA inhibitor cw-3-decynoyl-A- 
acetylcysteamine^. It is an analogue of the cw-3-decenoyl-ACP normally 



R 




Figure 7. Inhibitors of FAS. The R group of diazoborine indicates the position of the variable 
group. 
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produced by the isomerase activity of FabA^^. The susceptibility of 
pseudomonads to this compound has not yet been reported. 

7.2. Synthase Inhibitors 

P-Ketoacyl-ACP synthase (KAS) inhibitors include cerulenin and thio- 
lactomycin. Cerulenin was originally isolated from culture filtrates of 
Cephalosporium caerulens as an antifungal antibiotic with broad antimicro- 
bial spectrum^^’ Cerulenin is a potent inhibitor of both type I and type II 
fatty acid synthases. Type II KAS enzymes are commonly separated into 
two classes based on their cerulenin sensitivity. Whereas E. coli KAS I (FabB) 
and KAS II (FabF) are efficiently inhibited by cerulenin, KAS III (FabH) is not 
significantly affected by this antibiotic. KAS I and KAS II are irreversibly 
inhibited by cerulenin and the mechanism of inhibition involves covalent 
cross-linking of the KAS active site cysteine to cerulenin^. 

Thiolactomycin was originally isolated from a Nocardia strain^^’ The 
compound lacked activity against type I FAS enzymes but was very active 
against various bacterial species. Thiolactomycin was shown to be a specific 
inhibitor of FAS^®’ and inhibits all three known KAS enzymes of E. coli^, as 
well as the mycobacterial KasA and KasB KAS enzymes^^. Thiolactomycin 
acts as a competitive inhibitor with malonyl-ACP^^ R aeruginosa wild-type 
strains are resistant to cerulenin and thiolactomycin because both of these 
antibiotics are efflux pump substrates^^. 

7.3. Enoyl-ACP Reductase Inhibitors 

The enoyl-ACP reductase FabI is the target of at least three classes of 
antimicrobial compounds, including triclosan, diazoborine derivatives, and 
isoniazid and ethionamide. 

Triclosan is a trichlorinated biphenyl ether and is the active ingredient in 
many consumer products that exhibit “antibacterial” properties^. It was shown 
to specifically target Fabl^"^’ thus inhibiting the enoyl-ACP reductase step 
of the bacterial Fab pathway. The sensitivity of enoyl-ACP reductases seems to 
be confined to enzymes that use NADH or NADPH. The other two types 
of enoyl-ACP reductases found in bacteria, FabK and FabL, are triclosan- 
insensitive enzymes^^. 

Diazoborine derivatives inhibit FabI activity by formation of a covalent 
linkage between the boron atom of the inhibitor and the ribose moiety of the 
NAD cofactor^. 

The enoyl-ACP reductase inhibitors isoniazid and ethionamide have a 
very narrow range of efficacy. They are specific inhibitors of mycolic acid 
synthesis and it is therefore not surprising that they both are very effective 
antimycobaterial drugs'^’ 
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Pseudomonas aeruginosa is resistant to very high levels (>1 mg/ml) of 
triclosan because this compound is an excellent efflux pump substrate^"^. 
Furthermore, R aeruginosa contains the triclosan-insensitive enoyl-ACP 
reductase FabK, which may further contribute to intrinsic triclosan resis- 
tance^^’ The sensitivity of diazoborines against pseudomonads is 

unknown, and both isoniazid and ethionamide were found to be ineffective 
against R aeruginosa (H.R Schweizer, unpublished observations). More 
recently, the discovery of a novel class of Fabl-directed antibacterial agents 
was reported but their efficacy against R aeruginosa was marginal^^. 



8. CONCLUSIONS 

Although the research conducted over the last few years allowed an 
elucidation of the molecular mechanisms of fatty acid biosynthesis and its 
related pathways mostly in R aeruginosa and a few other pseudomonads, 
much work remains to be done. 

Despite the availability of genome sequences and bioinformatic analyses 
for several pseudomonads, the function of many of the R aeruginosa 
genes listed in Table 1 remains unproven or unknown. Although R aeruginosa 
was the first Gram-negative bacterium for which two enoyl-ACP reductases 
were predicted, FabI and FabK, repeated attempts aimed at identifying the 
fabK structural gene have met with failure by different research groups. With 
fabi apparently absent from the R putida genome, the identification of its 
enoyl-ACP reductase, probably a FabK homolog, remains to be accomplished. 
Since none of the three Pseudomonas genome sequences encodes a FabH 
homolog with significant homology to the E. coli enzyme, and because purified 
R aeruginosa FabH was not required for in vitro FAS from acetyl-CoA and mal- 
onyl-CoA, the existence of and the necessity for P-ketoacyl-ACP synthase III 
in these organisms remains yet to be established. 

Virtually nothing is known about the genetic regulation of the fab genes and 
many interesting questions can be asked. For example, why is the R aeruginosa 
fabi gene the last gene in an oligopeptide permease-encoding operon? Is it sub- 
jected to the same regulatory mechanisms as the genes encoding the oligopeptide 
permease? One unique feature of fab gene organization in the three Pseudomonas 
genome sequences obtained thus far is that fabA and fabB are clustered, probably 
in the same transcriptional unit as has been established for R aeruginosa. We have 
recently found that fabB expression in R aeruginosa is highly upregulated in 
established, several days old biofilms (K. Sauer and H.R Schweizer, unpublished 
observations), but the mechanism(s) underlying this fabAB operon upregulation 
and its biological significance remain to be established. 
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Lastly, the bacterial fatty acid biosynthetic pathway remains a viable and 
valuable target for antibacterial drug discovery since there are still many 
unexploited opportunities for the identification of compounds that specifically 
target bacterial FAS. 
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1. INTRODUCTION 

Structure and function of tetrapyrroles. Tetrapyrroles are characterized 
by their four five-membered pyrrole rings usually linked together via single 
atom bridges (Figure 1). The four rings of the macrocycle are labeled clock- 
wise A-D starting with the first of the three symmetric rings with regard to the 
ring substituents. Two principal classes of cyclic tetrapyrroles are found in 
pseudomonads. The porphyrins, including various hemes, are characterized by 
their completely saturated ring system. The porphinoids are more reduced 
cyclic tetrapyrroles and include vitamin B 12 (corrinoids), siroheme and heme 
di. In cyclic tetrapyrroles, the nitrogen atoms of the four pyrrole rings are used 
to chelate a variety of divalent cations. Tetrapyrroles are very distinct in color. 
The pink cobalt-containing vitamin B 12 derivatives are the most complex 
known tetrapyrroles ^ They are involved in complex enzymatic reactions like 
radical-dependent nucleotide reduction, rearrangements and methyl transfer. 
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Figure 1. Overview of the biosynthesis of tetrapyrroles in microorganisms. In pseudomonads, all 
tetrapyrroles are synthesized via the C5 -pathway starting from glutamyl-tRNA. The six biologi- 
cally important porphyrin- or porphinoid-based tetrapyrroles are shown in circles. Biliverdin IX a 
is representatively shown for the group of linear tetrapyrroles (box). 

The iron-chelated siroheme is required for the six electron reduction reactions 
during assimilatory nitrite or sulphite reduction^. The green pigment heme 
is part of the dissimilatory nitrite reductase in pseudomonads that differs sig- 
nificantly in structure and color from the otherwise porphyrin-based hemes^. 

Heme, an iron-containing porphyrin, serves multiple cellular functions. 
As a prosthetic group of proteins, it is involved via its electron transfer capac- 
ity, in the metabolism of molecular oxygen, other diatomic gases and in mul- 
tiple redox reactions'^. Exogenous heme serves as an iron supply for many 
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pathogenic bacteria that colonize eukaryotic cells^’ Heme also acts as a 
regulatory molecule, modulating gene expression at the transcriptional, 
translational and protein stability levef In prokaryotes, cytochromes are the 
most abundant heme containing proteins. Cytochromes are electron transfer 
proteins and are involved in the final reduction of oxygen in aerobic respira- 
tion. Interestingly, the requirement for heme is not restricted to aerobic metabo- 
lism. Anaerobic respirating systems which employ alternative electron acceptors 
like nitrate also utilize electron transferring hemes^^. Indeed, Pseudomonas 
aeruginosa synthesizes most of its heme under anaerobic denitrifying condi- 
tions^ ^ Various different types of hemes including heme a, heme b, heme c and 
heme o have been described for pseudomonads^^. 

The other tetrapyrrolic structure found in pseudomonads are the open- 
chain molecules which are all derived from heme by oxidative cleavage^^’ 
However, their nomenclature is not consistent with that of the porphyrin sys- 
tem. The various rings of linear tetrapyrroles are likewise labeled A-D but 
starting from cleavage position of the heme macrocycle (Figure 1). 



1 . BIOSYNTHESIS OF HEME 

2.1. The tRNA-Dependent Biosynthesis of 
5-AminoievuIinic Acid 

The common precursor of all tetrapyrroles, 5-aminolevulinic acid (ALA) 
is synthesized in nature by two alternative routes called the ‘Shemin pathway’ 
and the C 5 -pathway^^’ In humans, animals, fimgi and the a-group of pro- 
teobacteria, ALA synthase catalyzes the condensation of succinyl coenzyme A 
and glycine to ALA with the release of carbon dioxide and coenzyme A^^’ 
However, in E aeruginosa, Pseudomonas stutzeri and Pseudomonas putida, 
ALA formation via the C 5 -pathway has been demonstrated^^ (Figure 2). This 
route, which is found in most bacteria, all archaea and plants, involves the 
incorporation of the C 5 -skeleton of glutamate into ALA. This transformation 
is mediated via glutamyl-tRNA, which is more commonly associated with 
translation and protein synthesis. Initially, the glutamyl-tRNA is reduced 
to glutamate- 1 -semialdehyde (GSA) by an NADPH-dependent glutamyl-tRNA 
reductase (GluTR)^^. In the following reaction, glutamate- 1 -semialdehyde-2, 1- 
aminomutase (GSAM) transaminates GSA in a pyridoxamine 5 '-phosphate 
(PMP)-dependent reaction to form ALA^^’ The only known example of an 
organism in which both pathways exist in parallel is the phytoflagellate Euglena 
gracilis^^. 

Glutamyl-tRNA reductase is a unique enzyme as its substrate, glutamyl- 
tRNA simultaneously participates in both protein and tetrapyrrole biosynthe- 
sis^^’ Biochemical and crystallographic data for the recombinant GluTR 
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Figure 2. Biosynthesis of heme. The biosynthesis of heme from glutamate to Fe-protoporphyrin is shown with all proteins involved and the encoding genes. 
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from the extreme thermophilic archaeon Methanopyrus kandleri, led to the 
elucidation of the catalytic mechanism and its structural basis^^“^^. The thio- 
late of an active site cysteine residue acts as a nucleophile and attacks the 
a-carbonyl group of tRNA-bound glutamate forming an enzyme-bound 
thioester intermediate with the concomitant release of tRNA^^^ (Figure 3A). 
This reaction intermediate was isolated and visualized for Escherichia coli 
GluTR^^. Hydride transfer from NADPH to the thioester-bound glutamate pro- 
duces glutamate- 1 -semialdehyde. The crystal structure of M. kandleri GluTR 
has been solved and revealed an unusual extended V-shaped dimer^^ (Figure 3B). 
Each monomer consists of three distinct domains, an N-terminal catalytical 
domain, an NADPH-binding domain and a C-terminal dimerization domain, 
arranged along an extended curved ‘spinal’ a-helix (Figure 3B). The crystal 
structure of GluTR was solved in complex with the competitive inhibitor glu- 
tamycin^^, representing the 3 '-terminal adenosine residue of the tRNA where 
the bridging oxygen of the aminoacyl-group was replaced by nitrogen to form 
a stable amide bond. The structure of the enzyme-inhibitor complex supports 
the proposed catalytic mechanism^^’ 

The second step of ALA formation requires the transfer of the C2 amino 
group of GSA to the Cl position. This reaction is catalyzed by PMP-dependent 
GSAM (E.C. 5.4.3. 8) which is encoded by the hemL gene in P. aeruginosa^^. 
Although the reaction differs from a classical aminotransferase reaction by its 
intramolecular nature, GSAMs represent typical aminotransferases in cataly- 
sis and structure. Due to the nature of the pyridoxal 5 '-phosphate (PLP)/PMP- 
cofactor of the enzyme, two catalytic paths are conceivable. Starting with the 
PLP form of GSAM, reaction with GSA results in the formation of dioxo- 
valerate, while the PMP form leads to a 4,5-diaminovalerate (DAVA) interme- 
diate. Recombinant GSAMs from E. coli, Synechococcus and other sources 
were found to catalyze both reactions^^’ Intensive kinetic investigations of 
Synechococcus and pea GSAM eventually identified DAVA as the true inter- 
mediate and the PMP-dependent reaction as the relevant pattf^’ For various 
GSAMs, an active site lysine residue responsible for Schiff-base formation 
with PMP was experimentally identified^^’ The three-dimensional structure 
of GSAM reveals that the protein belongs to the extensively studied family of 
structurally related PLP-dependent proteins^^, which includes aminotrans- 
ferases, mutases, synthetases, decarboxylases and racemases. The dimeric pro- 
tein has an overall ellipsoidal shape when viewed along the dimer axis. 
Morphologically no distinct domains are apparent. The monomers interact 
through a large, convoluted interface. The PMP-cofactor and the substrate 
GSA are bound at the monomer-monomer interface. The crystal structure 
revealed the imperfect symmetry of the GSAM dimer. A loop essential for 
proper enzyme function laterally covers the substrate pocket and is partly dis- 
ordered in one monomer, while it is well structured in the second^"^. 
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Figure 3. The first step of tetrapyrrole biosynthesis. A. Thioester-dependent mechanism of GluTR. 
The reactive cysteine residue nucleophilically attacks the aminoacyl bond of glutamyl-tRNA. An 
enzyme-localized thioester intermediate is formed with the release of free tRNA^^*'^. The thioester is 
reduced by hydride transfer from NADPH leading to GSA. In the absence of NADPH, the reactive 
thioester bond is hydrolyzed and glutamate is liberated. B. A schematic diagram of the M. kandleri 
GluTR dimer viewed along the 2-fold-axis (I) and viewed perpendicular to the two-fold-axis (II). 
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Presumably, GSAM oscillates between two conformational states in which one 
monomer is in the closed, active state (with ordered active-site lid), while the 
second is in a relaxed state, allowing product and substrate to diffuse out of 
and into the active site, respectively. 

2.2. Porphobilinogen Synthase 

The first step common to the biosynthesis of all modified tetrapyrroles 
is the formation of the monopyrrole-derivative, porphobilinogen (PBG), which 
is catalyzed by porphobilinogen synthase (PEGS; aminolevulinic acid dehy- 
dratase; E.C. 4.2.1.24)^^ (Figure 2). The reaction involves the asymmetric con- 
densation of two molecules of ALA. The two ALA substrate molecules are 
referred to as A- and P-side ALA due to the acetic- and propionic-acid side 
chains they contribute to the product. The corresponding ALA binding sites of 
PEGS are termed A-site and P-site, respectively. In R aeruginosa, the hemB 
gene encodes PEGS which is an octameric enzyme of identical subunits^^’ 
Each of the eight PEGS subunits consists of an (a(3)8-barrel (Figure 4A). The 
active site located in each subunit is close to the C-terminal end of the (i-barrel. 
A flexible loop covers the active site and separates it from the surrounding 
medium. Common to all PEGSs is an N-terminal extension that is involved in 
subunit-subunit interaction^^"^^. The formation of PEG involves the sequen- 
tial formation of a C-C- and C-N-bond, respectively. The C-C-bond is formed 
by an aldol condensation whereas the C-N-bond is build via a Schiff-base. The 
crystal structures of several R aeruginosa PEGS variants in combination with 
inhibitors strongly suggests that the synthesis of PEG involves a double 
Schiff-base mechanism"^®’ The reaction starts with Schiff-base formation of 
the P-side ALA with a lysine residue in the active site, followed by A-side 
ALA binding to a second active site lysine. The removal of a hydrogen from 
C3 of the A-side ALA leads to the A-side enamine form. In the following step, 
the C-C-bond between the two ALA molecules is formed in an aldol-like addi- 
tion. Through a Schiff-base exchange reaction, the C-N-bond between A- and 
P-side ALA is formed. After proton transfer and abstraction, the product 
is aromatized and released"^^ (Figure 4E). All PEGS contain a metal-binding 
site at the active site that consists of either a cysteine-rich sequence 
(DXCXCX(Y/F)X 3 G(H/Q)CG) or an aspartate-rich region (DXALDX(Y/F) 
X 3 G(H/Q)DG. The cysteine rich region is involved in zinc coordination. 
Enzymes that contain the aspartate-rich region do not use zinc but utilize mag- 
nesium and/or potassium instead. Besides the metal-binding region at the 
active site, many PEGS also contain an allosteric metal binding region 
(RX^i 64 DX^ 65 EXXXD)'^^’ If present, the allosteric magnesium ion is 
involved in opening and closing a lid that covers the active site of each 
monomer"^^. Since this complex metal-dependence led to some confusion in 
the literature in the past, a novel classification for PEGS enzymes has been 






Figure 4. Structure and catalytic mechanism of P. aeruginosa PEGS. A. Ribbon diagram show- 
ing the fold of P. aeruginosa PEGS dimer viewing toward the active site pocket of monomer A (I); 
Structure of the PEGS octamer composed of four dimers projecting down the crystallographic 
4-fold axis (II). E. Postulated catalytic mechanism of P aeruginosa PEGS. The steps in the 
condensation of A- and P-side ALA to form PEG are indicated by numbers: 
i Einding of P-side ALA; 2 Einding of A-side ALA; 3 Abstraction of from C3 of A-side ALA, 

yielding the A-site enamine; 4 Aldole addition forming the C-C-bond between A- and 
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proposed by Jaffe"^^. This new designation divides PEGS enzymes into four 
groups on the basis of an active site zinc and an allosteric magnesium. 

2.3. Porphobilinogen Deaminase 

Porphobilinogen deaminase (PBGD; hydroxymethylbilane synthase) (EC 
4.3. 1.8) catalyzes the stepwise polymerization of four PEG molecules to the 
unstable linear tetrapyrrole preuroporphyrinogen (1 -hydroxymethylbilane). 
During catalysis, the growing tetrapyrrole chain is covalently bound to the 
enzyme via a unique cofactor consisting of two molecules PEG^ (Figure 5 A). This 
dipyrromethane cofactor, itself covalently tethered to the enzyme by a thioether 
linkage, acts as a primer in the tetramerization of PEG but is not enzymatically 
integrated into the final product. During catalysis, one molecule of PEG is added 
per reaction cycle with the loss of one molecule ammonia until an enzyme- 
bound hexapyrrole is formed. Each coupling step involves two sequential chem- 
ical reactions. First, the substrate PEG is deaminated followed by a nucleophilic 
attack by the a-carbon of the terminal ring of the enzyme-bound cofactor or the 
substrate cofactor-complex. Next, a hydrogen is removed from the a-position. 
The overall reaction is repeated four times. During the final step, a water mole- 
cule attacks the tetrapyrrolic azaflilvene to yield pre-uroporphyrinogen^^. 

Several crystallographic structures of PEGD have previously been deter- 
mined^^^. The protein consists of three equal sized domains, the N-terminal, 
central- and C-terminal domains. The active site cavity is designed that the 
available space accommodates approximately 3i pyrrole rings. This limitation 
explains why the elongation does not proceed beyond the tetrapyrrolic prod- 
uct. PEGD is a monomeric enzyme and is encoded by the R aeruginosa hemC 
gene. The hemC gene forms an operon with the hemD gene encoding the 
enzyme that catalyzes the subsequent step"^^. This genomic arrangement might 
reflect that the product of the PEDG reaction, pre-uroporphyrinogen, is very 
unstable and will spontaneously cyclize to the toxic type I isomer. Therefore, 
the presence of the next enzyme in the pathway, uroporphyrinogen III 
synthase, prevents the accumulation of preuroporphyrinogen. 

2.4. Uroporphyrinogen III Synthase 

Uroporphyrinogen III synthase (Cosynthase; E.C. 4.2.1.75) is a compar- 
atively small enzyme with a molecular mass of —26 kDa that catalyzes the 
cyclization of pre-uroporphyrinogen with the inversion of ring D to produce 
the first asymmetric molecule in the pathway, uroporphyrinogen III. 

Figure 4. Continued. 

P-side-ALA; 5^2 Schiff-base exchange producing a C-N bond between A- and P-side ALA; 
8 Transfer of H'*' to Lys260; 9 7ra«5-elimination of P-site lysine; abstraction of the from 

C5 of P-side ALA, aromatization and release of PBG. 
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Figure 5. Unique catalytic mechanisms of two tetrapyrrole biosynthetic enzymes. A. 
Tetrapolymerization reaction catalyzed by PBGD. 1, substrate PBG; 2, dipyrromethane cofactor. 
The dipyrromethane cofactor is covalently attached to the protein via a cysteine residue. During 
each step one molecule of PBG is attached with the release of ammonia. The final product preu- 
roporphyrinogen is hydrolytically released from the protein (see text for details). B. Spiro-lactam 
intermediate in the biosynthesis of uroporphyrinogen III. Non-enzymatically pre-uroporphyrino- 
gen is cyclized to the toxic uroporphyrinogen I. Uroporphyrinogen III synthase converts pre- 
uroporphyrinogen via an spirocyclic pyrrolene intermediate with inversion of the D ring to yield 
the asymmetric uroporphyrinogen III. 
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Mechanistic studies have shown that the formation of uroporphyrinogen III 
involves an electrophilic addition of the substrate’s hydroxymethyl group to 
C-16. This results in the cleavage of the C-15 to C-16 bond (Figure 5B). This 
mechanism is referred to as the spiro-mechanism since the key intermediate is 
a spiro-pyrrolenine produced by the initial cyclization (Figure 5B). The amino 
acid sequences for uroporphyrinogen III synthases from different organisms 
show little if any homology. Most conserved amino acid residues were local- 
ized via X-ray crystallography of the human enzyme in a large open cleft 
located between two central domains. This region of uroporphyrinogen III syn- 
thase seems to accommodate the active site^^. The observed structure provides 
clear evidence for interdomain flexibility. This suggests that a considerable 
conformational change may be required during catalysis^^’ 

2.5. Uroporphyrinogen Decarboxylase 

Uroporphyrinogen decarboxylase (URO-D; E.C.4.1.1.37) catalyzes the 
sequential decarboxylation of the four acetate side chains of uroporphyrinogen 
III localized at C-2, C-7, C-12 and C-18 to yield methyl groups with the for- 
mation of coproporphyrinogen III^^. URO-D is a homodimeric protein con- 
sisting of two subunits that fold into a distorted (aP)8-barrel^^’ URO-D 
appears to be the first known decarboxylating enzyme with no cofactor or 
prosthetic group requirement^^. At physiological substrate concentrations, the 
decarboxylation occurs in an ordered manner, starting with the acetate side 
chain of the asymmetric ring (ring D). Although crystal structures of the 
enzyme are available^^’ there is still a great lack of understanding of 
the exact catalytic mechanisms. This is especially intriguing as a 180° flip of the 
first reaction intermediate is required to bring the side chains of ring A into the 
active site that was previously occupied with the side chains of ring D. A 
dimer-dependent mechanism has been proposed in which the rate limiting 
decarboxylation of ring D^^ occurs at the active site of one monomer while the 
other three decarboxylations may take place at the catalytic cleft of the other 
monomer^^. The enzyme of P. aeruginosa is encoded by the hemE gene"^^. 

2.6. Coproporphyrinogen III Oxidases 

The oxidative decarboxylation of coproporphyrinogen III (coprogen) to 
protoporphyrinogen IX (protogen) is catalyzed by different types of copropor- 
phyrinogen III oxidases (CPO, EC 1. 3. 3.3). CPO consecutively converts the 
propionate side chains of rings A and B to their corresponding vinyl groups^^. 
Molecular oxygen serves as the electron acceptor for the oxidative decarboxy- 
lation reaction under aerobic conditions. In the absence of oxygen, alternative 
electron acceptors are utilized for catalysis. Therefore, at least two different 
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types of enzymes for coprogen oxidation are found in nature, one for the 
oxygen-dependent (HemF) and another for the oxygen-independent reaction 
(HemN, HemZ). 

Most available data on the oxygen-dependent CPO (E.C. 1.3. 3. 3) are for 
the enzymes from eukaryotic sources^^. Human oxygen-dependent CPO is a 
dimer of identical subunits with no detectable metal ions or cofactors. 
Nevertheless, molecular oxygen is required for catalysis. Recently, a structural 
model for CPO based on the structure of urate oxidase has been proposed^^. 
Both enzymes are similar with regard to the catalytically required molecular 
oxygen and the observed lack of detectable cofactors or metal ions^^’ 

Until recently, much less was known about the oxygen-independent CPO 
that is encoded by the hemN gene. Some bacteria carry a second hemN-VikQ 
gene termed hemZ. The gene product shows significant amino acid sequence 
homology to HemN and was shown to be involved in oxygen-independent 
coproporphyrinogen III oxidation^^. There are no obvious similarities at the 
amino acid sequence level between oxygen-dependent HemF and the oxygen- 
independent CPOs HemN and HemZ. Purified HemN requires S-adenosylme- 
thionine (SAM) and both an electron-donor and -acceptor for catalysis. 

An oxygen-sensitive [4Fe-4S]-cluster coordinated by the Cysteine 
residues C62, C66 and C69 was identified by absorption spectroscopy and iron 
analysis^^ Observed functional properties in combination with a recently pub- 
lished computer-based enzyme classification identified HemN as a ‘Radical 
SAM enzyme’^^’ A radical mechanism for the oxidative decarboxylation of 
coproporphyrinogen III by HemN was recently postulated^^ (Figure 6). This 
mechanism involves the reduction of the [4Fe-4S]-cluster from the +2 to the 
+ 1 state. This is followed by a homolytic cleavage of SAM to methionine and 
the formation of a 5'-deoxyadenosyl radical. This radical abstracts a hydrogen 
atom from the P-C atom of the propionate side chain of the substrate and gen- 
erates the corresponding substrate radical. During the final reaction step, the 
vinyl group is formed and CO 2 is released. This last step requires an electron 
acceptor whose nature remains to be identified. The oxygen-dependent regula- 
tion of the R aeruginosa hemF and A genes is described below^^. 

2.7. Protoporphyrinogen Oxidase 

Protoporphyrinogen oxidase (PPO; E.C. 1.3. 3. 4) catalyzes the six elec- 
tron oxidation of protoporphyrinogen IX to form protoporphyrin IX. The result 
of this oxidation reaction is a conjugated double system of the tetrapyrrole 
macrocycle. Best characterized are the flavin-containing PPOs from eukary- 
otes^"^. Molecular oxygen serves as terminal electron acceptor. Proto- 
porphyrinogen oxidation in prokaryotes is far from being understood. Three 
different genes encoding putative bacterial PPOs have been described during 
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Figure 6. Postulated radical mechanism of oxygen independent coproporphyrinogen III oxidase. 
The homolytic cleavage of SAM generates a 5'-deoxyadenosyl radical which subsequently 
abstracts a hydrogen atom from the propionate side chain of the substrate to yield 5'-deoxyadeno- 
sine and a substrate radical. Electron donor for this step is the enzymes [4Fe-4S]^ cluster. In the 
next step, the product’s vinyl group is formed through the elimination of CO 2 . This step requires 
an electron acceptor to collect the remaining electron of the substrate radical^ ^ Boxed compounds 
represent identified components, whereas compounds in parentheses represent activities still 
unknown. 



the last decades: hemG, hemK and E. coli hemK was originally 

identified in a genetic screen for heme biosynthetic mutants^^. However, in 
1999, HemK was biochemically identified as a methyltransferase^^’ 

The E. coli hemG gene was first identified by the accumulation of 
protoporphyrinogen by an appropriate hemG mutant. The heme auxotrophic 
phenotype was rescued by the expression of the appropriate hemG or an 
eukaryotic PPO gene in tmns^^’ So far, hemG genes are limited to six gen- 
era within the 7 -group of proteobacteria and to Mesorhizobium loti an a-group 
proteobacterium. Currently, the known genomes of pseudomonads do not con- 
tain obvious hemG analogs. Therefore, the hemG gene might be unique to 
these few bacteria, contributing to a larger multienzyme complex in a species- 
specific manner"^. 

In the gram-positive soil bacterium Bacillus subtilis, the hemY gene 
encodes a PPO that is similar to the eukaryotic enzymes. HemY contains a 
flavin cofactor and utilizes molecular oxygen as a terminal electron acceptor^^’ 
Again, no obvious homologue of hemY was detected in pseudomonad 
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genomes. In agreement with these observations, hemG or hemY genes are not 
usually found in heme synthesizing prokaryotes. Among 28 heme synthesiz- 
ing genera, 14 do not contain a recognizable PPO gene {hemG or hemYf^. 
These observation imply that a so far unknown locus encodes a novel type of 
PPO. Alternatively, an already known protein might carry an additional 
enzymatic activity. 

2.8. Ferrochelatase 

The last enzymatic step of heme biosynthesis is the insertion of iron into 
the tetrapyrrole macrocycle of protoporphyrin IX. This reaction is catalyzed by 
ferrochelatase (E.C. 4.99.1.1; protoheme ferrolyase). The enzyme in 
pseudomonads is encoded by the hemHgQnt. The three-dimensional structure 
of the monomeric B. subtilis enzyme has been determined at a resolution of 
1.8 The ferrochelatase consists of two similar domains each with a 

four-parallel (3-sheet flanked by a-helices. The active site is formed by pro- 
truding elements from both domains as a deep cleft. The structure of 
ferrochelatase in complex with the competitive inhibitor A-methyl mesopor- 
phyrin IX and the artificial product Cu-mesoporphyrin IX have provided 
insight into the enzymatic mechanism of porphyrin metallation^^. These data 
support a chelation mechanism involving strain and distortion of the tetrapyr- 
role-based substrate, in which the pyrrole rings B, C and D are fixed by fer- 
rochelatase in a ‘vice-like grip’ while ring A is forced into a 35° tilted 
conformation. In this configuration, two protons can be removed from the pyr- 
role-nitrogens and the metal ion can enter the macrocyclic cavity via the tilted 
ring A. 



3. BIOSYNTHESIS OF LINEAR TETRAPYRROLES 
3.1. Heme Oxygenases 

Heme oxygenases catalyzes the oxygen-dependent cleavage of the heme 
macrocycle with the release of Fe^"^, CO and the linear tetrapyrrole biliverdin. 
They are not only essential for the bacterial iron metabolism and consequently 
pathogenesis, they also play important roles during oxidative stress responses, 
heme catabolism and for the biosynthesis of phytobilins^^^^. Under iron limit- 
ing conditions, R aeruginosa can use heme as its sole source of iron^^. In order 
to obtain the iron from heme, the heme macrocycle has to be cleaved by a heme 
oxygenase. R aeruginosa has two potential heme oxygenases. The first heme 
oxygenase PigA, originally identified as an iron-starvation protein^^, plays a 
key role in the iron metabolism of the bacterium. Its expression is under the 
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control of the transcriptional regulator Fur and thus pigA is only expressed when 
iron is limiting^^. Interestingly, this protein converts heme to the unusual 
biliverdin isomers (BV) IXp and 1X8^^’ (see Figure 7). Why P aeruginosa 
produces these particular BV isomers, their biological function is currently 
unknown. More recently, another potential heme oxygenase was identified in 
R aeruginosa^^. The gene for this heme oxygenase forms an operon together with 
the gene encoding a bacterial phytochrome {bphP) and was therefore designated 
bphCf^. Heme oxygenase function of P aeruginosa BphO was proven by its 
green color of E. coli cells expressing bphO due to the formation of BV from 
heme^^. The occurrence of bphO together in an operon with bphP suggests that 
BphO produces the prosthetic group for this plant-like photoreceptor^^. Currently, 
the exact function of this phytochrome-based sensor-kinase is unknown. 

Table 1 summarizes all heme and open chain tetrapyrrole biosynthetic 
enzymes and their corresponding gene products. 



BV IXa 




Figure 7. Reaction catalyzed by known heme oxygenases: HO-1 found in mammals, plants, 
cyanobacteria and possibly R aeruginosa targets the a-meso carbon bridge of the porphyrin 
macrocycle whereas PigA from R aeruginosa targets the p-and 8-meso bridge; both reactions 
leading to biliverdin, iron and carbon monoxide. 
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Table 1. Summary of all genes encoding heme and linear tetrapyrrole 
biosynthetic enzymes and their gene products. 



Gene 


Gene product 


R aeruginosa 
PAOI 


P. fluorescens P. putida KT2440 P syringae 


hemA 


Glutamyl-tRNA 


PA4666^ 




/ 


/ 


hemL 


reductase 
Glutamate- 1- 
semialdehyde 2,1- 


PA3977 


/ 


/ 


/ 


hemB 


aminomutase 

Porphobilinogen 


PA5243 


/ 


/ 


/ 


hemC 


synthase 

Porphobilinogen 


PA5260 


/ 


/ 


/ 


hemD 


deaminase 

Uroporphyrinogen III 


PA5259 


/ 


/ 


/ 


hemE 


synthase 

Uroporphyrinogen III 


PA5034 


/ 


/ 


/ 


Unknown 


decarboxylase 

Protoporphyrinogen 


? 


? 


7 


7 


gene^ 

hemG 


oxidase 
Part of 

protoporphyrinogen 


n.d. 


n.d. 


n.d. 


n.d. 


hemY 


oxidase 

Protoporphyrinogen 


n.d. 


n.d. 


n.d. 


n.d. 


hemF 


oxidase 

Oxygen-dependent 

coproporphyrinogen 


PA0024 


/ 


/ 


/ 


hemN 


oxidase 

Oxygen-independent 

coproporphyrinogen 


PA1546 


n.d. 


/ 


/ 


hemH 


oxidase 

Ferrochelatase 


PA4655 


/ 


/ 


/ 


hemO/pigA 


Heme oxygenase 


PA0672 


/ 


/ 


/ 


bphO 


Heme oxygenase 


PA4116 


/ 


/ 


/ 



“Locus number according to the P. aeruginosa sequencing project; data available under http://www.pseudo 
monas.com 

*’Gene present according to BLAST searches; n.d. not detected. 

‘^Pseudomonads have no obvious homologue to known bacterial Protox genes; therefore, an unknown locus 
might encode such a protein; see text for details; ?, unknown. 



4. SIROHEME 

Siroheme is a prosthetic group associated with the six electron reduction 
processes of sulphite reductases and the majority of assimilatory nitrite reduc- 
tases^"^’ In this respect, siroheme plays an important role in the processing 
of the bulk of ‘organic’ nitrogen and sulphur in biological systems. In molec- 
ular terms, siroheme can be described as an iron-containing isobacteriochlorin 
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and is the simplest of all the modified tetrapyrroles found in nature, maintain- 
ing the eight carboxylic acid side chains that are also found on uropor- 
phyrinogen III (Figure 1). This relatively simple structure has led some to 
suggest that siroheme may have had an evolutionary ancient origin, as the 
isobacteriochlorin structure is well suited to the anaerobic environment of an 
ancient world^^. Within sulphite and nitrite reductases, siroheme is covalently 
linked to an Fe-S center and assists in the delivery of electrons to the substrate. 
The detailed structural information gained from high resolution X-ray data of 
the E. coli sulphite reductase reveals the extensive ruffled conformation of the 
macrocycle at the active site of the enzyme and suggests that the carboxylic 
acid side chains may also play an important role in the catalytic process^^’ 

4.1. Biosynthesis of Siroheme 

Despite the wealth of data available on the structure and function of 
sulphite and nitrite reductases, it is only relatively recently that any advance has 
been made on understanding how siroheme is made in biological systems^^’ 
The biosynthesis of siroheme branches from the central tetrapyrrole pathway at 
uroporphyrinogen III (Figure 1)"^^. While decarboxylation of uroporphyrinogen 
III mediates the route toward heme, methylation of uroporphyrinogen III at posi- 
tions 2 and 7 yields an intermediate called precorrin-2 (dihydrosirohydrochlorin), 
which is also an intermediate for the biosynthesis of cobalamin and heme 
(Figure 1). This methylation requires two S-adenosyl-L-methionine molecules as 
the methyl donors for this transformation. Precorrin-2 is then oxidized by the 
removal of two protons and two electrons to yield sirohydrochlorin in a process 
that is NAD-dependent. Finally, ferrochelation into the macrocyclic core pro- 
duces siroheme. In all organisms studied to date, siroheme is synthesized by 
methylation, dehydrogenation and ferrochelation of uroporphyrinogen III, 
although the number of enzymes required for this transformation varies consid- 
erably. In Bacilli, there are separate enzymes for each of these steps^, that is, a 
separate methyltransferase, dehydrogenase and chelatase, whereas in yeast a 
methyltransferase and a bifunctional dehydrogenase/chelatase are employed^^’ 
However, in enteric bacteria^^ and also in R aeruginosa, the transformation of 
uroporphyrinogen III into siroheme is accomplished by the action of a single 
enzyme, CysG, which houses methyltransferase, dehydrogenase and chelatase 
activities within the —460 amino acids of its primary structure. CysG would 
appear to represent a fusion between a uroporphyrinogen III methyltransferase 
and a bifunctional dehydrogenase/ferrochelatase^^. 

The cysG gene in R aeruginosa is not found as part of an operon 
associated with sulphite or nitrite reduction. Instead, it is found in relative iso- 
lation adjacent to the seryl-tRNA synthetase gene. Interestingly, a separate 
uroporphyrinogen III methyltransferase gene (cobA) is found within a group 
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of genes associated with the assimilatory nitrite reductase. However, this gene 
would not appear to be in association with any known genes capable of con- 
verting precorrin-2 into siroheme. The relationship between the cobA found in 
this region of the chromosome, the cysG, the cobA-tyipQ of gene found in the 
heme di biosynthetic operon (nirE) and the cobA found in the main cobalamin 
operon is not understood. However, the high level of enzyme multiplicity sug- 
gests that this is a key regulatory enzyme that may be susceptible to various 
levels of feedback inhibition. 



5. BIOSYNTHESIS OF VITAMIN Bi2 

In contrast to siroheme, which represents the simplest of the modified 
tetrapyrroles, vitamin 6^2 (cobalamin) is the most complex member of the mod- 
ified-tetrapyrrole family (Figure 1)^’ Indeed, vitamin B 12 is one of the most 
complex small molecules made in Nature, requiring around 30 enzymes for its 
complete de novo synthesis, which is typically underpinned by a genetic invest- 
ment representing approximately 1% of a bacterial genome^^. Despite this huge 
biosynthetic effort, the biologically active forms of vitamin Bj 2 , adenosyl- 
cobalamin and methylcobalamin, are required for comparatively few enzymes. 
Cobalamin-requiring enzymes include those involved in rearrangement 
(e.g., methylmalonyl CoA mutase; ethanolamine ammonia lyase) and methyla- 
tion processes (e.g., methionine synthase). Key to the action of cobalamin is the 
centrally chelated cobalt ion and the unique nature of the cobalt-carbon bond, 
which mediates much of the chemistry associated with cobalamin-dependent 
reactions. More detailed accounts of the enzymology associated with vitamin 
^ 12 -dependent reactions can be found elsewhere (see e.g., ref [93]). 

The intricate and complex chemical structure of vitamin Bj 2 is reflected 
in an equally complex and intricate biosynthetic pathway. The situation is 
further complicated by the appearance in Nature of two separate pathways, rep- 
resenting aerobic and anaerobic routes^^’ The aerobic pathway requires mol- 
ecular oxygen as a substrate while the anaerobic pathway can operate 
effectively under both aerobic and anaerobic conditions. An important differ- 
ence between the pathways relates to the timing of cobalt insertion, since the 
metal is inserted at an early stage in the anaerobic pathway but is chelated at a 
much later stage in the aerobic route by distinctly different cobalt chelatases. As 
with heme di and siroheme synthesis, cobalamin synthesis branches from the 
main tetrapyrrole assembly pathway at the uroporphyrinogen III junction by 
methylation at positions 2 and 7 of the macrocycle to give precorrin-2. This 
intermediate is common to both the aerobic and anaerobic routes for cobalamin 
biosynthesis and represents the point at which the two pathways diverge, before 
they rejoin again at the level of an intermediate called adenosylcobyric acid. 
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In this chapter, we shall concentrate on the aerobic pathway, since this is 
the pathway that appears to operate in many pseudomonads. The aerobic path- 
way is also the better characterized of the pathways since its step-by-step syn- 
thesis has been largely elucidated. Although the aerobic pathway was 
elucidated in the organism Pseudomonas denitrificans, the taxonomical 
description of this organism is vague and it is clear from the reported gene 
sequences and the presence of a ‘Shemin route’ for aminolevulinic acid syn- 
thesis that this organism is probably a member of the a-subclass of the 
Proteobacteria, most likely either a Rhizobium or an Agrobacterium. However, 
with some interesting variations, a similar aerobic pathway for cobalamin 
biosynthesis appears in P aeruginosa, so we shall describe cobalamin biosyn- 
thesis in relation to this characterized aerobic pathway. 

5.1. Aerobic Pathway of Cobalamin Biosynthesis 

The transformation of uroporphyrinogen III into cobalamin requires the 
addition of eight methyl groups, ring contraction with the loss of the 
methylated meso C-20 carbon, decarboxylation, six amidations, cobalt inser- 
tion, aminopropanol attachment, adenosylation and the attachment of the 
lower nucleotide (a-ribazole). The naming of the intermediates synthesized 
along the pathway reflects both trivial names given to a few intermediates 
whose identity had been determined and a more systematic approach that was 
developed for the large number of intermediates that had yet to be elucidated. 
Thus, the name precorrin-« reflects intermediates prior to the synthesis of 
the main corrin component of vitamin B 12 , where n reflects the number of 
methyl groups added to the macrocylic template during its de novo 
construction. 

For aerobic cobalamin biosynthesis^"^^^, the transformation of uropor- 
phyrinogen III into cobalamin is initiated by the methylation of uropor- 
phyrinogen III at positions 2 and 7 by the enzyme uroporphyrinogen III 
methyltransferase, which is encoded by cobA (Figure 8). In general, the genes 
for the aerobic cobalamin pathway are given the prefix cob for coZ^alamin 
biosynthesis. In contrast, the genes for the anaerobic pathway are given the 
prefix cbi for coZ^mamide biosynthesis, while the genes for the transformation 
of cobinamide into cobalamin are given the prefix cob. The i/.y-methylation of 
uroporphyrinogen III yields precorrin-2 (Figure 8). The next enzyme in the 
aerobic pathway is another methyltransferase, Gobi, which methylates at C-20 
to give precorrin-3A (Figure 8). This methyl group and the C-20 position are 
lost subsequently during the ring contraction process. Precorrin-3 A acts as the 
substrate for a monooxygenase called CobG, which is an Fe-S containing pro- 
tein that most likely also houses a non-heme iron. This enzyme catalyzes the 
synthesis of a hydroxylactone derivative of precorrin-3A called precorrin-3B, 
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Figure 8. The step-by-step transformation of uroporphyrinogen III into adenosylcobyric acid is 
shown with the required enzymes. Although the enzyme associated with the reduction of the cen- 
tral cobalt ion has been described, no gene has yet been identified which encodes for this protein. 

with the gamma lactone formed from the acetic acid side chain on ring A, and 
the hydroxy group on C-20 derived from molecular oxygen (Figure 8). 

Precorrin-3B represents the spring-loaded substrate for the ring contraction 
process, which is catalyzed by the next enzyme CobJ. In fact, CobJ is another 
methyltransferase that methylates at C-17 (Figure 8). The methyltransferase 
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reaction promotes the ring contraction that leads to a carbon-carbon bond being 
formed between C-19 and C-1. This generates precorrin-4, which is further 
methylated by the next methyltransferase CobM to give precorrin-5 (Figure 8). 
CobM methylates the macrocycle at position C-1 1 although the methyl group is 
later moved by an isomerase to its final position on C-12. Precorrin-5 is converted 
into precorrin-6A with methylation at C-1 by CobF, a process that is concerted 
with the loss of the extruded methylated C-20 carbon fragment as acetic acid. 
During the ring contraction process, the overall oxidation state of the macrocycle 
is increased and the reduction of the intermediate back to the level of a hexa- 
hydroporphyrin is afforded by an enzyme called CobK, which requires NADPH 
as a cofactor, and converts precorrin-6A into precorrin-6B (Figure 8). The final 
two methyl groups are added to precorrin-6B by a bifunctional enzyme termed 
CobL, which methylates at positions 5 and 15 and also catalyzes the decarboxy- 
lation of the acetic acid side chain attached to C-12. It is likely that this enzyme 
first methylates at C-5 and that the methylation of C-1 5 is used to drive the decar- 
boxylation of the acetic acid side chain. The product of this reaction is precorrin-8, 
which is finally converted into hydrogenobyrinic acid by CobH, an isomerase that 
catalyzes the 1,5 sigmatrophic rearrangement of the methyl group from C-1 1 to 
C-12 (Figure 8). 

This stage in the synthesis of vitamin Bj 2 sees the end of the methylation 
reactions and focus is then centered on the amidations and metal chelation 
processes. Initially, hydrogenobyrinic acid is amidated on the acetic acid side 
chains found on rings A and B by the enzyme CobQ, generating hydrogenobyric 
acid a,c-diamide (Figure 8). This intermediate acts as the substrate for the cobal- 
tochelatase, which in R denitrificans is a large protein complex that requires 
three protein subunits, CobN, S and T. The chelation reaction requires ATP for 
the insertion of the central metal ion into the corrin ring, in a process that has 
some similarities with the insertion of magnesium during chlorophyll bios}m- 
thesis^^. The product of the reaction is cobyrinic acid a,c-diamide, which acts as 
the substrate for the adenosylation enzyme CobO. Initially, the cobalt ion in the 
corrin ring is first reduced to cobalt (I) by a flavin-dependent reductase. The 
cobalt (I) ion acts as a strong nucleophile and in the presence of CobO and ATP 
leads to the synthesis of adenosylcobyrinic acid a,c-diamide (Figure 8). The 
remaining four amidations of the acid side chains found at C-3, C-8, C-1 3 and 
C-1 8 are catalyzed by CobQ and yield adenosylcobyric acid (Figure 8). 

With the synthesis of the main corrin ring now complete, the final steps 
in cobalamin biosynthesis are concerned with the synthesis and attachment of 
the lower axial cobalt ligand, which is housed within a modified nucleotide 
called a-ribazole. The lower ^xial ligand is attached to the main corrin framework 
by an aminopropanol arm. This aminopropanol is synthesized from L-threonine, 
which is initially phosphorylated to give L-threonine-0-3 -phosphate and sub- 
sequently decarboxylated to give aminopropanol-O-2-phosphate (Figure 9). 





1 



Figure 9. The step-by-step transformation of adenosylcobyric acid into adenosylcobalamin. 
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The latter reaction is catalyzed by CobC, which is thought to be a pyridoxal- 
requiring enzyme. The attachment of the aminopropanol-O-2-phosphate to 
adenosylcobyric acid is mediated by a complex formed between CobD and 
protein a. This generates adenosylcobinamide phosphate (Figure 9), which acts 
as the substrate for CobP, an enzyme that attaches GMP to the aminopropanol 
phosphate tail to give adenosyl-GDP-cobinamide. The terminal steps of cobal- 
amin synthesis require the construction of the a-ribazole and its attachment to 
cobinamide. The a-ribazole is constructed by the transfer of the phosphoribo- 
syl group of nicotinate mononucleotide to the modified base dimethylbenzimi- 
dazole in a reaction that is catalyzed by CobU (Figure 9). Finally, the 
a-ribazole is attached to the adenosyl-GDP-cobinamide with the release of 
GMP by the action of CobV to generate adenosylcobalamin (Figure 9). 

The sequence of the R aeruginosa genome allows the genetic organization 
of the cobalamin biosynthetic genes to be viewed and it suggests that some 
unique biochemistry is taking place during cobalamin metabolism in this organ- 
ism. The cob genes are contained within three main loci (Figure 10) although lit- 
tle is known about their control and regulation. Of particular significance is the 
presence of cobG and cobN, genes that encode for the precorrin-3a monooxy- 
genase and the cobaltochelatase, respectively. Both these enzymes can be 
thought of as genetic hallmarks of the aerobic pathway. Although the cobalmin 
biosynthetic pathway has not been investigated in R aeruginosa, this evidence 
strongly suggests that an oxygen-dependent (aerobic) pathway operates in this 
organism. However, a closer scrutiny of the genome reveals some oddities as a 
number of the aerobic enzymes would appear to be missing. There is no CobF 
(the Cl methyltransferase, a gene that has no homologue in the anaerobic path- 
way), and no CobS and T, the other components of the aerobic cobaltochelatase 
(Figure 10). Moreover, the operons in R aeruginosa also contain genes that 
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Figure 10. Organization of the genes for cobalamin biosynthesis in R aeruginosa. The cobalamin 
biosynthetic genes are found in three major operons. Although they contain genes that have a high 
degree of similarity with genes associated with the ‘aerobic’ pathway, they also contain a few 
genes with a high degree of similarity with genes found in the anaerobic pathway, for example, 
cbiD, cbiG and cobCR^°. 
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encode two proteins, CbiD and CbiG (Figure 10), which had previously been 
only found associated with anaerobic pathway producers^^. Indeed, CbiG is 
found fused onto CobJ, making one large protein. Moreover, we have investi- 
gated the ability of P. aeruginosa to biosynthesize cobalamin under both aerobic 
and anaerobic conditions, and believe that R aeruginosa has evolved a pathway 
that can cope with rapid changes in the level of available oxygen. There are a 
number of interesting questions that still need to be addressed for cobalamin 
biosynthesis in R aeruginosa, including how the bacterium is able to make 
cobalamin in the absence of molecular oxygen, how it methylates at C-1 in the 
absence of CobF, and how its cobaltochelatase is able to function without the 
S and T subunits. 



6. HEME dx 

6.1. Heme dx Containing Enzymes in P. aeruginosa 

Pseudomonas aeruginosa contains a dissimilatory nitrite reductase, 
which is known as cytochrome As the name implies, this enzyme con- 
tains a C-type heme and a highly unusual modified tetrapyrrole called heme 
di. In fact heme di is not a porphyrin at all, but a dioxoisobacteriochlorin that 
bears more similarity to siroheme than to heme^^. 

The native enzyme is a homodimer with a subunit mass of around 
60 kDa^®. The heme c and heme d\ are both located in each subunit. The 
enzyme is involved in the reduction of nitrite to NO and catalyzes the oxida- 
tion of cytochrome c551. Although the heme c prosthetic group is covalently 
attached to the protein, the heme d\ group is non-covalently bound. Indeed, 
this group can be removed and reintroduced to restore fully active enzyme. 
Moreover, chemically synthesized heme d\ can also be introduced into apo 
enzyme to afford fully active enzyme. Such studies helped to confirm the 
structure of heme 

The structure of cytochrome cd\ was first described for the enzyme from 
Paracoccus denitrificans, which revealed the enzyme to consist of two major 
domains^^^ The N-terminus of the protein (amino acids 1-134) houses the 
heme c domain and is largely a-helical in content, while the C-terminus of the 
protein (amino acids 135-567) houses the heme d\ domain in a 
P-propellor structure containing eight blades. 

6.2. Biosynthesis of Heme dx 

Although significant progress has been made on the role and function of 
cytochrome cdi and on the contribution of heme d\ toward catalysis, progress 
of the biosynthesis of this highly unusual tetrapyrrole-derived prosthetic group 
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has remained static and little is known how this molecule is biosynthesized. 
Genetic studies in organisms such as P aeruginosa have at least allowed some 
or all of the genes associated with the biosynthesis of heme to be identified. 
The genes for heme biosynthesis are thought to be located within the main 
dissimilatory nitrite reductase operon^^^, which includes nirSMCFDLGHJEN. 
Out of these, insertional mutation and complementation analysis suggests that 
nirFDLGHJE are necessary for the biosynthesis of heme dx. Sequence simi- 
larity indicates that NirE is a uroporphyrinogen III methyltransferase, consis- 
tent with the view that heme d\ is derived from the precorrin-2 branch of 
the tetrapyrrole biosynthetic pathway. NirJ has similarity with NirD, -L, -G 
and -H, suggesting some kind of gene duplication and evolutionary relation- 
ship between these proteins. Moreover, NirJ is thought to belong to the radical 
SAM class of enzymes, suggesting that the biosynthesis of heme d\ may pro- 
ceed via a mechanism involving a radical species^^. 

A comparison of the structure of heme dx with uroporphyrinogen III indi- 
cates that the transformation involves some unusual chemistry (Figure 1). 
Heme dx contains two methyl groups at C-2 and C-7, which are consistent with 
a biosynthesis via precorrin-2. Most striking, however, is the loss of the two 
propionic side chains at C-3 and C-8 and their replacement with oxo groups, a 
process that is made all the more difficult to explain since this synthesis is likely 
to occur under anaerobic conditions. Although it has been suggested that this 
process may proceed via hydroxylation of the propionate side chain followed by 
a reverse aldol condensation, the employment of a radical species via an inter- 
nal lactone may prove to be an alluring possibility. Further modifications on the 
way to heme dx include the decarboxylation of the acetic side chains on C-12 
and C-18, and the introduction of an acrylate substituent into the propionate 
side chain on C-17. The final modification for heme dx is the chelation of fer- 
rous iron. The aforementioned steps including the decarboyxlations, acrylate 
synthesis and ferrochelation all draw parallels with other known modifications 
associated with tetrapyrrole synthesis, yet no homologues of these enzymes, for 
example, for decarboxylation or ferrochelation, are found within the nir operon. 

Although there is still much to be learnt about the biosynthesis of heme 
dx, there is equally much to be learnt about how the prosthetic group, once syn- 
thesized, is transported and inserted into the apo enzyme, which is located 
within the periplasm. Thus, logistical issues as well as the biosynthetic route 
for the synthesis of heme dx still need to be addressed. 



7. REGULATION OF HEME BIOSYNTHESIS 

IN R AERUGINOSA 

The biosynthesis of heme is strictly controlled in most bacteria includ- 
ing R aeruginosa. One important reason is that the accumulation of free heme 
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as well of some of the biosynthetic intermediates of the pathway are toxic to 
the cells Moreover, the demand for heme in R aeruginosa changes drasti- 
cally in dependence of the employed mode of energy generation. Physiological 
experiments in the 1970s revealed that heme levels increase under anaerobic 
conditions up to 20-fold in R aeruginosa. These investigations suggested 
oxygen-tension, nitrate availability and the supplied carbon source as direct 
or indirect signals for the regulation of heme biosynthesis^^’ Heme 

itself is also a strong regulator of its own biosynthesis. Experiments using 
E. coli showed a 20-fold increase of heme production when heme binding 
proteins like hemoglobin, cytochromes or catalases were recombinantly 
overproduced^®^’ 

Two steps of the heme biosynthesis pathway were identified as key reg- 
ulatory points^ The first regulatory target is the initial step of heme 
biosynthesis catalyzed by glutamyl-tRNA reductase (HemA). The rate limiting 
character of this step was convincingly documented by ALA- feeding experi- 
ments. Increased heme formation in combination with the accumulation and 
excretion of coproporphyrin III was observed^®^. Therefore, the second obvious 
regulatory point of heme biosynthesis is the formation of protoporphyrinogen 
IX from coproporphyrinogen III catalyzed by various coproporphyrinogen III 
oxidases named HemF, HemN and HemZ. 

7.1. Regulation of the hem A Gene 

Transcriptional regulation of R aeruginosa hemA in response to changing 
environmental conditions was initially studied by quantification of formed 
mRNA. The hemA mRNA levels in R aeruginosa increase under anaerobic den- 
itrifying conditions compared to aerobic growth. They are very low under fer- 
mentative conditions where no heme containing cytochromes are required for 
respiration^®. Two transcriptional start sites were found upstream of hemA. Both 
transcripts are present during both aerobic and anaerobic growth conditions. A 
R. aeruginosa mutant with a defect in the oxygen regulator Anr (an E. coli Fnr 
homologue) exhibited similar overall increased hemA mRNA levels as the wild- 
type under anaerobic denitrifying conditions. However, the distribution of 
hemA mRNA from both promoters differed significantly^®. Regulation of hemA 
promoter 1 was further studied using reporter gene fusion. A moderate 2.8-fold 
anaerobic induction of transcription from the hemA promoter 1 was observed. 
This anaerobic induction was dependent on the regulatory proteins Anr, Dnr, 
NarL and Integration Host Factor (IHF)^®^. Anr- and Dnr induce the hemA pro- 
moter cooperatively via a half site motif for Anr/Dnr binding. The regulatory 
proteins Anr and Dnr have been previously reported to form a regulatory cas- 
cade for the induction of denitrification genes under anaerobic conditions. 
During this cascade, Anr induces expression of dnr. Dnr is presumed to detect 
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semialdehyde 

Figure 11 . Overview of the regulation of the first tetrapyrrole biosynthesis step in P. aeruginosa. 
See text for details. 



nitrite or nitrous oxide and in turn induces transcription of various target 
genes In contrast to the regulation of hemA transcription in E. coli and 
Salmonella typhimurium, the anaerobic induction of R aeruginosa hemA was 
found dependent on the presence of nitrate. This control was mediated by the 
two component regulatory system encoded by narXL (Figure 1 1)^^^. 

Studies with the HemA protein in E. coli unraveled that the major con- 
trol of HemA formation takes place at the protein level^^^"^^^. Heme has no 
obvious inhibitory effect on the enzymatic activity of the purified HemA pro- 
tein^ however, the glutamyl-tRNA reductase activity is significantly reduced 
when heme is added to cell free extracts of E. coli^^^. This implies, that addi- 
tional factors in combination with heme are required for the regulation of 
HemA activity. Elliott and coworkers first discovered a striking difference 
between hemA-lacZ expression and enzymatic activity of glutamyl-tRNA 
reductase in various S. typhimurium heme deficient mutants^ While hemA- 
lacZ expression increased only 1.5-2-fold in heme reduced hemB or 
hemL mutants, the enzymatic activity of glutamyl-tRNA reductase increased 
20-25-fold proportional to the parallel increase of HemA protein. These data 
obtained for E. coli and S. typhimurium are almost identical to the observed 
moderate 2.8-fold increase of hemA-lacZ expression in anaerobically grown 
R aeruginosa compared to the parallel 20-fold increase of heme levels 
Pulse-chase experiments of HemA turnover in hemL mutants of 
S. typhimurium revealed a half-life of 20 min in the presence of ALA which 
increased to more than 300 min in heme limited cells^^^. Two ATP-dependent 
proteases Lon and ClpP as well as the ClpA chaperone were identified to be 
involved in HemA turnover. In an E. coli Ion clpR double mutant, the HemA 
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protein showed a significantly increased half life. These results clearly demon- 
strated that cellular HemA concentration is regulated by conditional protein 
stability^ A HemA mutant protein with a positive charge introduced close to 
the N-terminus showed significantly increased stability. These results suggest 
that the N-terminal active site domain is the major target for proteolysis by the 
Lon and ClpP protease systems^ 

7.2. Regulation of the hemF and hemN Genes 

The second key regulatory point of heme biosynthesis, the conversion of 
coproporphyrinogen III is significantly regulated at the transcriptional level^^. 
In P. aeruginosa at least two different isoenzymes catalyze this step. 
Interestingly, the oxygen-dependent coproporphyrinogen III oxidase encoded 
by hemF and the oxygen-independent coproporphyrinogen III oxidase 
encoded by hemN share no similarity at the amino acid sequence level^^. 
Regulation of hemF and hemN was found not as simple as expected from their 
oxygen-related enzymatic functions. The 7-10-fold anaerobic induction was 
only expected in the case of the hemN gQnQ encoding the oxygen-independent 
enzyme. Surprisingly, also hemF encoding the oxygen-dependent enzyme was 
found 20-fold induced under anaerobic conditions'^. Moreover, a P aeruginosa 
hemF mutant showed significant reduced anaerobic growth indicating addi- 
tional anaerobic functions for the HemF protein. The promoter regions of 
hemF and hemN both contain a putative Anr/Dnr binding motif 44.5 bp and 




Figure 12. Model for the regulation of hemF and hemN encoding the oxygen-dependent 
and -independent coproporphyrinogen oxidases. 
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41.5 bp upstream of the transcriptional start site, respectively^^. Investigation 
of R aeruginosa hemF and hemN transcription using anr or dnr mutant strains 
and co-expression of the anr and dnr genes in trans revealed dual action of Anr 
and Dnr during the anaerobic transcriptional induction process. Surprisingly, 
Anr is also essential for aerobic expression of hemN^^. Moreover, observed 
anaerobic hemF and hemN expression requires in parallel nitrate induction via 
the NarXL system and DNA-bending via IHF (Figure 12). 

Only limited information is available about the regulation of the remain- 
ing heme biosynthesis steps in R aeruginosa. Expression of R aeruginosa 
hemL encoding glutamate- 1 -semialdehyde-2- 1-aminomutase was found 
induced by oxygen stress and anaerobic denitrifying conditions'^. Microarray 
experiments showed a 2-fold upregulation of the hemB gene encoding PEGS 
imder anaerobic conditions. 



8. SUMMARY AND CONCLUDING REMARKS 

Crucial to the efficient deployment in bacteria of aerobic and anaerobic 
energy conserving systems is the role played by modified tetrapyrroles, whose 
imposing molecular framework is also able to mediate complex enzymatic 
reactions, regulatory processes and stress responses. R aeruginosa is one of a 
select number of bacteria that have the ability to make five different types of 
modified tetrapyrroles, including various hemes, siroheme, cobalamin (vita- 
min B 12 ), heme dx and open chain compounds. The molecular design of these 
prosthetic groups reflects the fact that they are all derived from a common 
macrocyclic intermediate called uroporphyrinogen III, which is snipped, ham- 
mered and welded into the required final form by the enzymes within a large 
branched biosynthetic pathway. The simplest member of this tetrapyrrole- 
fratemity is siroheme, which requires six enzymes for its complete de novo 
synthesis, whereas the most complex family member (vitamin B 12 ) requires a 
total of 26 enzymes. In this chapter, we reviewed our current understanding of 
the step-by-step synthesis of this intricate and complicated branched pathway. 
Moreover, we outline how tetrapyrrole synthesis is controlled and regulated, 
especially in response to changes in cellular environment. 
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1. INTRODUCTION 

Members of the genus Pseudomonas produce a large amount of 
metabolites that are released into the extracellular environment. Among 
these metabolites are siderophores, phytohormones, biosurfactants and several 
antibiotic compounds, which may have broad-spectrum activity^"^’ 
Production of cyclic lipopeptides (CLPs) including compounds referred to as 
lipodepsipeptides, lipoundecapeptides and so on, has recently been established 
as a common trait among the pseudomonads. However, CLPs are also pro- 
duced by a variety of other bacteria as well as fimgi. Among the bacterial 
metabolites the CLP surfactin produced by Bacillus subtilis has received 
large attention due to its powerful biosurfactant activity and the antifungal, 
antibacterial and antiviral effects^^. 

The CLPs constitute a large group of structurally related compounds. 
The common feature is a fatty acid coupled to the N-terminal of a relatively 
short oligopeptide, which is cyclized by the formation of a lactone ring 
between two of the amino acids. The compounds within this group are 
however extremely variable due to differences in the fatty acid (length and 



Pseudomonas, Volume 3, edited by Juan-Luis Ramos 
Kluwer Academic / Plenum Publishers, New York, 2004. 



147 




148 



Ole Nybroe and Jan Sorensen 



modifications), type (note that many unusual amino acids occur in this type of 
molecules), number, and modification of amino acids and organization of the 
lactone ring. Please refer to Figure 1 for an illustration of CLP structure. 

This chapter will deal with the CLPs produced by different strains of the 
genus Pseudomonas, and focus on their structural and functional properties. 
Some CLPs produced by Pseudomonas syringae or Pseudomonas fuscovaginae 
are particularly well studied as phytotoxins. A detailed review of the phyto- 
toxins will be provided in a separate chapter. We will include information on 
phytotoxins if relevant information is not available for other Pseudomonas 
compounds, and whenever needed to compare the properties of different 
Pseudomonas CLPs. 



2. THE STRUCTURE OF CLPs PRODUCED 

BY Pseudomonas 

Pseudomonads are able to produce a diverse array of CLPs. 
Nevertheless, it appears that the ones identified so far can be assigned to four 
major groups, each comprising compounds displaying significant structural 
similarities but also some heterogeneity. 

2.L The Viscosin Group 

The viscosin group presently contains the following CLPs: viscosin^^, 
the white line inducing principle (WLIP)^^, the massetolids^^ viscosi- 
namide^^, the pseudophomins^^ and a related, but not fiilly characterized CLP 
]^xoA\xcQAhy Pseudomonas extremorientalis^^ (Table 1). 

Production of viscosin-group CLPs seems to be a property associated 
with several fluorescent pseudomonads isolated from different environments 
including drinking water, surfaces of marine algae, surfaces of mushrooms, 
decayed broccoli and sugar beet rhizosphere. The pseudophomins have been 
isolated from a Pseudomonas fluorescens strain^^ while viscosin production 
has been reported from strains of P fluorescens biovar II and possibly biovar 
IV45, 57 However, more extensive surveys have revealed that viscosinamide 
and closely related compounds are produced by biovar I, and biovar V strains 
from rhizosphere^^’ This might indicate that CLP production occurs in 
defined taxonomic groups within the Pseudomonas complex. Comparable 
results have previously been obtained for production of the antibiotic DAPG^^, 
which is produced by strains belonging to biovars II and IV according to 
Nielsen et alf^. 

WLIP is a CLP of Pseudomonas ''reactans” an ill-defined species 
closely related to Pseudomonas tolaasii^^. Interestingly, the nearest phylogenetic 




Table 1. Simplified primary structures of CLPs produced by Pseudomonas sp. 
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relatives of R extremorientalis include R tolaasii^^. Possibly production of vis- 
cosin-group compounds is even more widespread, since the massetolids were 
isolated from a marine pseudomonad that could not be identified to the species 
leveP^ Furthermore Ivanova and co-workers^ ^ reported the production of 
“low-molecular-mass peptides with surface-active properties” by Rseudomonas 
veronii, Rseudomonas rhodesiae and Rseudomonas orientalis. On-going work 
to characterize the genes involved in CLP production (see Section 3 below) has 
led to the development of degenerated PCR-primers targeting peptide syn- 
thetase loci involved in CLP production in R fluorescens^^ . Possibly these 
primers might even prove useful to identify novel CLP producers by applying 
molecular screening strategies. 

All the above CLPs are composed of nine amino acids, including several 
D-amino acids and they share a number of structural features. Every one con- 
tains a majority of hydrophobic amino acids at positions 1, 4, 5, 7 and 9, sup- 
plemented by uncharged polar amino acids at positions 3, 6 and 8 and an 
ionizable acidic amino acid at position 2. Viscosinamide is an exception to this 
general rule as the acidic amino acid d-G1u is substituted by the uncharged 
D-Gln. The sequence of hydrophobic and non-ionizable polar amino acids in 
the peptide moiety represents a conserved motif as indicated in Table 1 . The 
peptide is made circular by a lactone formed by an ester bond between 
the -CO group of the C-terminal amino acid and the D-(^//o-Thr-OH group so 
that the cyclized part of the molecules consists of seven amino acids^^’ 

The peptides are linked at the N-terminus to a lipid, which in most cases is a 
3-hydroxy decanoyl, although for pseudophomin B a 3-hydroxy dodecanoic 
acid constitutes the lipid residue^^. 

The structure of WLIP has been determined by x-ray crystallographic 
methods, which revealed that the peptide part of the molecule is folded in a so- 
called P-tum type form According to subsequent analysis of these data by 
Sorensen^^ the amphiphilic properties of the molecule is revealed from the 
collection of hydrophobic amino acids in one region of the molecule and 
hydrophilic or acidic amino acids in two other regions. The conformation of 
WLIP in DMSO-dg has been investigated by nuclear magnetic resonance 
(NMR) spectroscopy and by molecular modelling, which revealed that the 
overall fold of the lactone ring resembles the seam of a tennis ball^^. Recently, 
the chemical structures of the pseudophomins have been determined to be 
similar to that of WLIP^^’ 

The CLPs belonging to the viscosin group are generally referred to 
as water-soluble, extracellular compounds. However, viscosinamide has a 
solubility in water about 2 |xmol 1“^ which is about 5 times lower than that of 
viscosin, and it appears to be tightly bound to the cell wall or membrane^^. As 
mentioned above the only difference between viscosin and viscosinamide is a 
Glu/Gln exchange at amino acid position 2. A similar Glu/Gln exchange at 
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amino acid position 1 is found for the Bacillus CLPs surfactin and lichenycin, 
where it also results in an increased association of the Gin-containing 
compound with biological membranes^^. 

2.2. The Amphisin Group 

At present the CLPs amphisin, tensin, lokisin and pholipeptin are well- 
characterized members of this group"^^’ which even includes the 

less well-characterized compound hodersin^"^. Amphisin, tensin and lokisin are 
produced by members of P. fluorescens biovar VI, according to the survey 
performed by Nielsen et alJ"^. Isolates producing amphisin and lokisin were 
relatively rare while tensin production was documented for 29% of the rhizo- 
sphere Pseudomonas strains included in the survey. 

The amphisin-group CLPs resemble members of the viscosin group, but 
contain 1 1 amino acids coupled to a 3 -hydroxy decanoic fatty acid. Although 
several amino acid substitutions has occurred between the members of the 
amphisin group, the sequence motif of hydrophilic and hydrophobic amino 
acids resembles that found for viscosin-like molecules (Table 1). The lactone 
is formed by the C-terminal amino acid and the D-^z//o-Thr or L-Thr residue 
found at amino acid position 3^"^’ The structure of amphisin is shown 

in Figure lA. 

The chemical, including crystal, structures of tensin and amphisin have 
been solved. The secondary structure explains the amphiphilic properties of 
these molecules: hydrophobic and hydrophilic amino acids are arranged to 
form a hydrophobic “bottom side” and a hydrophilic “upper side” from where 
the 3-hydroxydecanoic acid protrudes as illustrated for amphisin in Figure IB^^. 
The peptide backbones of the molecules are essentially helical and 
contain a 3io helix from Leu at amino acid position 2 to Leu at position 8. 
For lokisin less information is available, but GC and NMR analyses have 
confirmed that the molecule is different from pholipeptin^^’ 

2.3. The Tolaasin Group 

This group of CLPs consists of relatively large molecules containing 
between 19 and 25 amino acids. The representatives of this group are the cor- 
peptins, the fuscopeptins, the syringopeptins and the tolaasins (Table 1)^’ 

The corpeptins, the fuscopeptins and the syringopeptins are recognized phyto- 
toxins, while tolaasin has been found to cause disease on the mushroom 
Agaricus bisporus (Section 5). 

P tolaasii, which may be endemic to compost is currently the best char- 
acterized producer of tolaasin^^. Recently, a PCR-assay that targeted P tolaasii 
genes involved in tolaasin synthesis permitted specific detection of this 
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Figure 1. (A) The primary structure of amphisin. (B) The secondary structure of amphisin. The 
fatty acid tail is seen in the upper left (black). Hydrophobic amino acids are at the bottom of 
the structure (black). Amino acids with hydrophilic groups (red) protrude at the top. The dot 
represents a water molecule. The figures are obtained from ref [97] with kind permission from 
Dr. Dan Sorensen. 

species^^. However, using the white-line-in-agar test, which is based on an 
interaction between WLIP and tolaasin, Munsch and Alatossava^^ as well as 
Godfrey et al?^ suggested that other organisms, for example. Pseudomonas 
costantinii and a species genetically related to R syringae also produce 
tolaasin. It is possible that the above microorganisms do not produce tolaasin 
but closely related compounds, since the white-line-in-agar assay may not be 
specific enough^^. 
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Corpeptins, fuscopeptins and syringopeptins are produced by plant patho- 
genic strains of Pseudomonas corrugata, R fuscovaginae and R syringae, 
respectively^’ Screening for novel strains producing these CLPs are likely 
to be facilitated by the development of PCR-assays as mentioned above for 
tolaasin, as well as by immunological assays as shown recently for 
syringopeptins^^. 

CLPs in the tolaasin group are all found in many variants due to amino 
acid replacements or differences in the lipid moiety Most often the acyl 
moiety is 3 -hydroxy decanoyl, but in tolaasin a 3-hydroxyoctanoic acid is 
linked to the N-terminus of the peptide. Corpeptin B is unique for the fact of 
being acylated by an unsaturated fatty acid, c/5'-3-hydroxy-5-dodecenoyl. The 
peptide moieties of these CLPs are hydrophobic with a positively charged 
C-terminus^. The peptide part contains several D-forms and a number of 
“unusual” amino acids as homoserine (Hse), 2,4-diamino butyric acid (Dab) 
and 2,3-dihydro-2-aminobutyric acid (Dhb). For tolaasin the sequence motif 
involving alternating hydrophobic and non-ionizable polar amino acids, which 
was described for the viscosin and amphisin groups above, appears in the 
N-terminal part of the peptide (Table 1). The peptide is cyclized by a lactone 
formed between the C-terminal and the -OH group of allo-Jhx residue as seen 
for the members of the viscosin and amphisin groups. Consequently the cyclic 
parts of the molecules contain 5-8 amino acids. Another conserved trait is that 
allo-T\ix is preceded by Dhb in all members of this CLP group. 

Structural analyses have been carried out for several of these CLPs 
employing circular dichroism (CD) and NMR spectroscopy, mass spectrometry 
etc 5, 6, 8, 26, 36, 66 According to Bare et al} the above studies indicate that these 
CLPs, except syringopeptin 25 A, are mainly unstructured or partly structured in 
aqueous environments. However in solutions containing SDS or trifluoroethanol 
to generate a membrane-like environment several structural (3-tum and y-tum 
motifs occur in fuscopeptins as well as in syringopeptins. Apparently, relatively 
rigid Dhb amino acid residues delineate different structural regions of these 
molecules^’ For example, a region of the tolaasin, fuscopeptin and 
syringopeptin molecules forms an (left handed) a-helix while the overall con- 
formation of the lactone ring resembles the “seam of a tennis ball structure” that 
has been reported for WLIP, a member of the viscosin group^’ 

The ability of several CLPs to form structures in membrane-like envi- 
ronments, but not in water is in agreement with the ability of CLPs to insert 
into and perturb membranes as noted by Bare et al}. Analyses of the confor- 
mational properties of CLPs are made difficult by the fact that these molecules 
can adopt a number of distinct and different conformations, in part depending 
on the solvent"^"^. However, it appears likely that this conformational flexi- 
bility might be important for the interactions between CLPs and biological 
membranes^^. 
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2.4. The Syringomycin Group 

This last group of Pseudomonas CLPs contains several well-characterized 
phytotoxins: the syringomycins, the syringostatins and the syringotoxins^^’ 

(see Pseudomonas Volume 2, Chapter 4). Furthermore the pseudomycins and 
the ecomycins, originally isolated as antifungal compounds, are members of this 
group^’ The syringomycins, syringostatins and pseudomycins have all been 
isolated from the plant pathogen P syringae^^' whereas syringotoxins have 
been found from both P syringae and P fuscovaginae^’ The ecomycins 
originate from Pseudomonas viridiflava known as a plant-associated saprophyte 
or a weak plant pathogen^ ^ As for some of the above CLP groups, PCR primers 
for detection of P syringae strains producing phytotoxic CLPs have been devel- 
oped^^’ and complement screening based on chemical analysis^"^. 

All the above CLPs contain nine amino acids as the viscosin-like com- 
pounds, yet the amino acid composition is very different. The “unusual” amino 
acids Hse, Dab and Dhb are common as in the larger hydrophobic CLPs men- 
tioned in the previous section, but additionally L-Asp(3-OH), L-Thr(4-Cl) and 
L-Ornithine are found in all or some of these compounds. With the possible 
exception of the ecomycins, the amino acids in positions 1, 7, 8 and 9 are 
conserved among the compounds^^. The lactone ring is formed between the 
N-terminal Ser and the C-terminal Thr(4-Cl), which is quite different from 
the ring closure seen in otliQY Pseudomonas CLPs. In spite of these differences, 
the conformation of the ring includes rigid structural regions interspaced by 
more flexible regions yielding a “seam of tennis ball” structure as seen for 
other pseudomonad CLPs^’ 

The syringomycin group CLPs are linked at the N-terminal amino acid 
to a 3-hydroxy or 3,4-dihydroxy fatty acid that may contain 10, 12 or 14 
carbon atoms^’ Hence differences in the lipid moiety contribute signif- 

icantly to the heterogeneity of this group of CLPs. 



3. THE MOLECULAR BACKGROUND FOR 
CLP PRODUCTION 

Pseudomonas CLPs are produced on large, multi-functional enzymes 
named peptide synthetases. These enzymes employ the so-called multicarrier 
thiotemplate mechanism for non-ribosomal peptide synthesis, which is gener- 
ally recognized as less specific than ribosomal protein synthesis^^. The low 
specificity can explain why pseudomonads may produce less abundant CLP 
compounds in addition to their major product^"^ and why CLP producing 
strains generate novel CLP analogues when fed with specific, non-protein 
amino acids^^ 
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The peptide synthetases are organized in domains collected in modules 
that can catalyse the reactions necessary for the formation of an elongating 
peptide product^^’ In brief, specific enzymatic domains recognize the amino 
acid substrates and activate them by adenylation. These unstable intermediates, 
which are associated with the enzyme, are subsequently stabilized by thio- 
esterification carried out by a thiolation domain. Finally, peptide bonds are 
formed between activated precursors by a condensation domain. In addition to 
these domains, specific parts of the enzyme may be involved in, for example, 
epimerization of a-carbon atoms, cyclization reactions and the final release of 
the peptide product from the peptide synthetase. Several of the domains carry 
conserved amino acids motifs, for example, the adenylation and thiolation 
domains, which facilitate identification of these enzymes from incomplete 
sequence data (e.g., Koch et alP). 

The chromosomal region involved in synthesis of syringomycin covers 
about 55 kb and is presently the best characterized Pseudomonas peptide syn- 
thetase gene cluster. The cluster contains at least six genes, syrD, syrP, syrBl, 
syrB2, syrC and syrE. The syrBl and syrE genes encode peptide synthetase 
modules and syrC codes for a thioesterase-like enzyme. Syr D is a putative 
ABC transporter protein while the syrP and possibly the salA gene products 
have regulatory functions^^’ Interestingly, a syrB-likQ gene seems to be 
involved in production of syringomycin, syringostatin as well as syringotoxin, 
as primers amplifying this region have been used to identify P syringae strains 
producing all of these CLPs^^. 

Recently a chromosomal region of at least 73 kb has been identified, 
which is involved in synthesis of syringopeptin 22 (see ref [89]). Within this 
region, three genes, sypA, sypB and sypC encode proteins with homology to 
peptide synthetases, while a fourth gene encodes an ABC transporter that may 
be involved in export of syringomycin as well as of syringopeptin^^’ Even 
for another of the large, hydrophobic CLPs, tolaasin, three high molecular 
weight proteins, which probably are peptide synthetases, have been found to 
be required for CLP production^^. At least one tolaasin synthetase is distinct 
from other Pseudomonas synthetases. Hence, Lee et alP were able to design 
primers targeting a biosynthetic gene that only amplified DNA from P tolaasii 
but not from several other fluorescent pseudomonads, including P syringae. 
Furthermore, Godfrey et al.^^ compared a 188 bp sequence of “tolaasin syn- 
thetase” in a i? syringae-likQ tolaasin producer with P tolaasii and P syringae 
sequences, and found similarities of about 72% between “tolaasin synthetase” 
and syrE. 

In a viscosin-producing P. fluorescens strain, a 25-kb chromosomal 
region involved in CLP production has been identified, and again three high 
molecular weight proteins that possibly constitute a peptide synthetase com- 
plex have been found to be essential^ ^ Less is known about genes involved in 
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synthesis of amphisin-group CLPs, but recently a protein with 54% similarity 
to syrE over a stretch of 590 amino acids was identified as an amphisin 
synthetase^^. 

4. REGULATION OF CLP PRODUCTION 

The production of CLPs in Pseudomonas are generally affected by 
growth phase, carbon source, nutrients and specific signal molecules; yet 
the specific impact that these factors have on production differ considerably 
among Pseudomonas strains producing different CLP compounds. 

Viscosinamide is produced during growth of P fluorescens and no 
production has been found in stationary phase cultures or in cultures starved 
for carbon or nitrogen or phosphorus^^. Production of amphisin and tensin 
likewise occur in the exponential growth phase^^’ Increasing the concentra- 
tions of C, N or P sources in growth media leads to an improved production of 
viscosinamide and tensin, but only as long as the rising substrate or nutrient 
levels support increased growth^^’ Hence, as production of these CLPs is 
tightly coupled to cell proliferation, they cannot be considered as secondary 
metabolites. In contrast syringomycin and syringopeptin are produced in the 
stationary phase^^’ while data for tolaasin production are ambiguous^^. 

Some investigations have addressed how the composition of growth 
media affects CLP production, but the data are too scarce to allow clear com- 
parisons. The significance of the carbon source has been illustrated for a 
tensin-producing P fluorescens strain^^, as well as for phytotoxin production 
by P syringae^^^. A comparable study focussing on N-sources, demonstrated a 
high syringomycin production by P syringae grown on histidine^^. The signif- 
icance of phosphate for CLP production is variable as levels above 1 mM 
inhibit syringomycin production but has no negative effect on tensin produc- 
tion^^’ Finally it has been observed that more than 2 julM of iron is required 
for syringomycin production^^. 

Syringomycin production as well as the expression of syrB is stimulated by 
plant signal molecules including phenolics and flavenoid glycosides^^’ 

The responses to signal molecules are enhanced by some sugars including 
D-fructose, D-mannose and sucrose^^’ Interestingly, plant-derived signal 
molecules may play a role in amphisin production, but the active compound(s) 
is different from those that stimulate syringomycin production^^. 

The molecular mechanisms involved in regulation of CLP production 
are far from being fully understood, and most of the information available rel- 
ative to genes involved in phytotoxin production is on P syringae. Involvement 
of the Gac two-component system"^^ seems to be a common regulatory theme 
documented for amphisin, tolaasin and syringomycin production^"^’ 
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Spontaneous mutations occurring in the gacS or gacA genes lead to instable 
expression of CLPs and other Gac-regulated traits in P tolaasii as well as in 
other pseudomonads 

The plant signal affecting amphisin production appear to be channelled 
through the Gac regulatory system, whereas the plant signals that stimulate 
syringomycin synthesis do not seem to activate this global regulatory system^^’ 
Quorum sensing mediated by A^-acylhomoserine lactones that regulates the 
expression of several exo-products in plant-associated pseudomonads controls 
neither syringomycin nor amphisin production^’ 

5. FUNCTIONS OF Pseudomonas CLPs 

Pseudomonas CLPs constitute, as specified above, a complex group 
of compounds that have various biological functions such as biosurfactant 
activity, but also as antibiotic compounds with antibacterial, antifungal and/or 
phytotoxic actions. In this section we will initially address the significance of 
biosurfactants for the ability of the producing bacteria to condition their envi- 
ronment. Subsequently we will deal with the antimicrobial effect of the CLPs. 

5.1. CLPs as Biosurfactants and Chelating Agents 

The four groups of amphiphilic Pseudomonas CLPs include powerful 
biosurfactants. For example, a saturated solution of viscosin lowers the surface 
tension of water from 71 to 25 mN/m^^. For viscosinamide and related com- 
pounds a comparable reduction of the surface tension of defined growth media 
from 71 to 25-27 mN/m has been reported^"^. Viscosin exerts its action at low 
concentrations close to the critical micelle concentration (CMC) of 4 jxg/ml or 
about 4 (jlM — the CMC for viscosinamide and other related compounds have 
not been determined. Hence, viscosin and viscosinamide appear to be as pow- 
erful biosurfactants as the well-known surfactin produced by B. subtilis, which 
lowers the surface tension of water to 27 mN/m at concentrations down to 
20 |ulM^^. Interestingly, viscosin can accumulate in growth media at concentra- 
tions exceeding its solubility in water, possibly due to binding to acidic poly- 
saccharides released by the producing strain^^. A comparable ability to bind to 
carbohydrates as (3-1,3-glycans and chitin has been noted for syringomycin^ ^ 

CLPs from the amphisin group are slightly less potent biosurfactants 
than the viscosin-group compounds yielding values of 27 mN/m in compara- 
ble assays. For comparison, a mutant strain deficient in amphisin production 
decreased the surface tension to about 48 mN/m^"^. Finally, the phytotoxins 
syringomycin and syringopeptin, which have CMC values around 1 mg/ml 
display biosurfactant properties as shown by a lowering of the interfacial 
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tension of water to 31 and c. 35 mN/m, respectively at concentrations above 
10 |ULg/ml'^^’ 

The relation between the structures of Pseudomonas CLPs and their 
functions as biosurfactants has not been analysed in depth. However such tests 
for the Bacillus CLPs have revealed that an intact lactone ring is an essential 
structural trait^^. 

The CLPs produced by Bacillus species are able to chelate cations, for 
example, Ca^^ and Mg^"^ (see refs [33], [86]). Comparison of the properties of 
surfactin and lichenysin, differing by a Glu/Gln exchange at amino acid position 
1, has shown that lichenysin has a higher surfactant power and is a better chelat- 
ing agent that surfactin. This highlights that the polarity of amino acids in the 
peptide part of the surfactant molecules is highly significant for their func- 
tions^^. It has not been investigated whether Pseudomonas CLPs chelate cations. 
A comparison of the properties of viscosin and viscosinamide, which differ by a 
Glu/Gln exchange as mentioned above, would be particularly interesting. 

5.2. Influences of CLPs on Surface Motility 

Biosurfactants play an important role for bacterial surface mobility 
in vitro. In accordance, ref [74] found a strong correlation between CLP pro- 
duction and surface mobility among fluorescent pseudomonads isolated from 
rhizosphere. This survey revealed that strains producing CLPs of the amphisin 
group had higher surface mobility on the tested media than strains producing 
viscosin-like compounds. For a selected strain, the amphisin producer 
Pseudomonas sp. DSS73, studies involving an amphicin-deficient transposon 
mutant demonstrated that production of as little as 2.5 p.g/ml of this CLP is 
required for surface mobility on soft agar^. However several CLPs from the 
amphisin groups (tensin) as well as from the viscosin group (viscosinamide) 
and serrawettin W (produced by Serratia) could restore surface mobility in the 
mutant strain. This shows that both cell-associated CLPs as viscosinamide and 
soluble compounds as amphisin can be involved in surface mobility. 
Unfortunately, the significance of these compounds for motility on well- 
defined hydrophobic surfaces has not been tested in vitro. An important result 
from the work by Andersen and co-workers was that in vitro containment of 
the root-pathogenic fungi Rhizoctonia solani and Pythium ultimum by the 
antagonistic strain DSS73 required surface motility. Hence, elimination of the 
fungi in this artificial system was due to the synergistic effects of surface 
motility and synthesis of several antifungal compounds. 

5.3. Pseudomonas CLPs as Antibiotics 

The Pseudomonas CLPs possess antagonistic actions against several 
prokaryotic and eukaryotic organisms and it is recognized that plasma 
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membranes eonstitute the primary target of these eompounds. However, as 
recently pointed our by Fogliano and co-workers^^ the access of CLPs to the 
plasma membrane may be hindered by structures as cell walls in Gram- 
positive bacteria, fungi and plants and by outer membranes in Gram-negative 
bacteria. The biological function of the CLPs is therefore governed by their 
ability to reach the target membrane as well as their specific interactions with 
the membrane. Following sections will address how CLPs interfere with naked 
biological or artificial membranes and deal with CLP effects on intact 
microorganisms in vitro. 

53.1. Interference with Biological or Model Lipid Membranes 

The mechanism responsible for the ability of CLPs to perturb mem- 
branes has been particularly well investigated for members of the tolaasin and 
syringomycin groups. The syringopeptins and tolaasins as well as 
syringomycins and syringotoxins form channels in different types of artificial 
lipid membranes^’ The channels have a radius of about 1 nm and are 

formed by CLP oligomers. It has been observed that syringopeptins increase 
the passive permeability of artificial liposomes to better than syringomycin 
Correspondingly the channel-forming ability of syringopeptin 22A, which 
forms small oligomers, is about 10 times higher than that of syringomycins E, 
which forms larger oligomers ^ Formation of pores is apparently the mecha- 
nism behind the ability of the above CLPs to function as cellular toxins at 
very low concentrations, for example, 0.2 |jlM for tolaasin and 0.5 jjlM for 
syringomycin E. The pores increase the influx of and Ca^'^ as well as the 
efflux of leading to a collapse of the pH gradient across the membrane and 
induction of Ca^^ -mediated signalling pathways Possibly, the perturbation 
of membrane structure or the induction of signalling cascades inside the cell 
is the background for the impact of the CLP toxins on plasma membrane 
H'^-ATPase^’ as well as the effect of pholipeptin (amphisin-group CLP) on 
phosphatidylinositol-specific phospholipase C^^^. 

When tested on “naked” membranes as found, for example, on red blood 
cells, the haemolytic ability of tolaasin, syringopeptin, syringomycin, syringo- 
statin and syringotoxin ranged from concentrations of 0.6 |jlM (syringopeptin 
22A) to 6 |jlM (syringomycins and syringotoxins)^’ Viscosin lyses 

erythrocytes at about 10 |xM, which is above the CMC for this compound of 
about 4 fiM. Therefore it is not considered to be a pore-forming toxin but 
to function as a non-specific detergent^^. The interactions of other viscosin 
or amphisin-group CLPs with membranes have not been studied in detail 
so far. 

Viscosin inhibits or inactivates enveloped viruses as infectious bronchi- 
tis virus, influenza virus and Newcastle disease virus in vitro. Relatively high 
MIC values of 62-125 juig/ml (about 50-100 jjlM) were reported suggesting 
a non-specific detergent effect^^. Furthermore viscosin protected embryonated 
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eggs against subsequent injections with infectious bronchitis virus but was not 
considered to have a potential as an antiviral drug in practise^^. 



53.2. In Vitro Effects on Bacteria 

Only few Pseudomonas CLPs have been tested systematically for effects 
on other bacteria. A general observation that is valid for members of all four 
CLP groups (viscosin, amphisin, syringopeptins and tolaasin, as well as 
syringomycins and syringotoxins) is that these compounds are not able to 
inhibit growth of intact Gram-negative bacteria^^’ (T.H. Nielsen and J. 
Sorensen, unpublished observations). However the Gram-negative plasma 
membrane is a target for CLP action as tolaasin disrupts protoplasts of Gram- 
negative organisms^^. Accordingly, syringomycins E and syringopeptin 25A 
only affect growth of P. syringae after treatment with lysozyme^^. In conclu- 
sion, the Gram-negative outer membrane or peptidoglycan layer probably 
hinders CLP access to the plasma membrane. 

Gram-positive bacteria represent an important target group for the large 
hydrophobic Pseudomonas CLPs as tolaasin, which inhibits growth of several 
Gram-positives^^. Syringopeptin 22A, syringopeptin 25A and corpeptin have 
all been tested against Bacillus megaterium and inhibit growth at MIC values 
of 1-4 |jlM, while syringopeptin PhvA is considerably less potent^^’ 

In contrast syringomycins E and syringotoxins do not inhibit growth of 
B. megaterium^^ . The observation that syringopeptins are more potent antibi- 
otics than syringomycins and syringotoxins is even valid for Rhodococcus and 
Micrococcus species^^. For the compounds of the viscosin and amphisin 
groups little information is available. However, viscosin has been reported to 
have no effect on Staphylococcus aureus^\ while amphisin and related CLPs 
are active against several Bacillus species (T.H. Nielsen and J. Sorensen, 
unpublished observations). 

Mycobacteria is a group within the Gram-positives that appear to be 
especially sensitive to Pseudomonas CLPs. Viscosin inhibits Mycobacterium 
tuberculosis and Mycobacterium avium-intracellulare at MIC values of 
10-20 |JLg/ml (c. 10-20 |ulM) and 5-10 jJig/ml, respectively, while the related 
compound massetolid A is a slightly more potent antibiotic when tested 
against these species^^’ For comparison, syringopeptin 22 A inhibits 
Mycobacterium smegmalis at 2-3 juig/ml (about 1 |jlM) and syringomycins E 
is an equally potent antimycobacterial agent with a MIC value of 1.5 |ULg/ml 
(just above 1 julM)^^. The mycobacteria have a hydrophobic, waxy cell surface 
due to the presence of mycolic acid and, for M. tuberculosis, of glycolipids in 
their cell wall. Possibly this hydrophobic cell wall facilitates the passage of 
hydrophobic CLPs to the plasma membrane. 
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53.3. In Vitro Effects on Fungi 

The effects that Pseudomonas CLPs exert on fungi have been investi- 
gated in detail for members of all four major CLP groups. Viscosinamide dis- 
plays in vitro antagonistic activity against the phyto-pathogenic oomycete 
Pythium ultimum as well as the basidiomycete Rhizoctonia solanf^. R. solani 
hyphal growth on agar plates was reduced near filters containing viscosi- 
namide, and aerial mycelium was not developed close to the viscosinamide 
source^^. A more detailed microscopic analysis, employing a panel of fluores- 
cent stains and activity dyes revealed that hyphae exposed to the CLP have 
increased branching, septation and swelling but decreased hydrophobicity. 
Intracellular activities of esterase and of mitochondria were lowered and the 
mitochondria became randomly organized within the cell and changed their 
morphology"^^’ In general, comparable responses were recorded for 
P. ultimum, which in addition changed the morphology of nuclei in response to 
viscosinamide. The antifungal activity of the viscosin-group CLPs 
pseudophomins A and B has been tested against several phytopathogenic fimgi 
grown on solid media. These compounds showed a relatively weak effect on 
R. solani, whereas in particular pseudophomin B was able to cause a signifi- 
cant growth inhibition for Phoma lingam, Alternaria brassicae and Sclerotinia 
sclerotiorum^^ . 

Amphisin-group CLPs show a stronger antagonistic effect to P. ultimum 
and R. solani that viscosinamide^"^, and for amphisin an MIC of 10 |JLg/ml 
(c. 7 |jlM) has been determined for cultures growing on solid media^. Hyphal 
growth of R. solani challenged with tensin has been studied by microscopy. 
Tensin-challenged hyphae typically became hyaline and swollen, and branch- 
ing of the mycelium increased close to the tensin source^^. Interestingly, 
growth of R. solani in liquid media amended with viscosinamide or tensin was 
not negatively affected, although increased branching and darkening of the 
medium was observed for the tensin-challenged cultures. 

Among the large hydrophobic CLPs, tolaasin inhibits growth of a large 
number of fungal cultures^^, but the toxin has been particularly well studied 
due to its role in the development of the brown blotch disease of A. bisporus 
caused by P. tolaasii and related strains^^. During the cause of this disease 
dark, sunken spots develop on the surface of the mushroom. These symptoms 
can be mimicked by tolaasin at concentration of 10 |xg/ml (browning) and 
30 |xg/ml (pitting) during a 16-hr incubation^^. Tolaasin preparations increase 
tyrosinase activity of the mushroom, and the ability of the enzyme to oxidize 
phenols leads to discolouration (browning). A direct activation of the 
tyrosinases is possibly due to the action of proteinases that are released from 
the fungal tissues as a consequence of cell disruption caused by tolaasin. 
Additionally, induction of specific tyrosinase mRNAs has been demonstrated 
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upon treatment with purified tolaasin. It is, however, unclear if this is a direct 
effect of tolaasin or an indirect result of membrane disruption^^. 

Studies addressing the impact of syringopeptins on fungal growth have 
frequently employed Geotrichum candidum, Botrytis cinerea and the yeast 
Rhodoturula pilimanae as model organisms^^. The syringopeptins have vari- 
able effects on these fungi. Hence syringopeptin 22A is a more powerful anti- 
microbial compound for R. pilimanae and G. candidum than syringopeptin 
25A, whereas the reverse is true for cinerea. For comparison, syringopeptin 
PhvA inhibits neither R. pilimanae nor G. candidum at concentrations as high 
as 50 and the effect of corpeptin against R. pilimanae is negligible^^. 

Syringopeptins inhibit the germination of fungal spores or conidia at 
considerable lower concentrations that those that inhibit growth. For example 
0.6 p.M syringopeptin 22A and syringopeptin 25A inhibit germination of 
G. candidum conidia by 78% and 60%, respectively, while growth of the fun- 
gus is inhibited at 12.5 and 1.6 juiM, respectively^^. Synergistic actions 
between syringopeptin 25A and cell wall-degrading enzymes as endochitinase 
and glucanase have been demonstrated for several fungi using spore germina- 
tion assays^^’ Typically the 50% effective dose of the CLP was increased 
by at least tenfold, so that in the presence of hydrolytic enzymes the ED 50 was 
as low as 0.03 juig/ml. 

Syringomycin E and syringotoxin inhibit growth of several fiingi^^’ but 
there is no consistent difference between the MIC values obtained for these 
compounds (6.25-37.5 p.M) and those obtained for syringopeptins 22A or 
25A. Sorensen and co-workers^"^ reported that syringomycin E, syringotoxin B 
and syringostatin A were all more effective against yeasts than against fila- 
mentous fungi, and found that syringotoxin was a less active antifungal com- 
pound (0.8-200 |JLg/ml) than syringomycin and syringostatin (2.5-40 juig/ml). 
Later studies suggest a comparable toxicity of syringomycin E to Aspergillus 
and Fusarium species that are killed by concentrations below 7.8 |JLg/ml 
(c. 7 

The ecomycins inhibit growth of a large number of human and plant 
pathogens^ ^ Cryptococcus neoformans and Candida glabrans were the most 
sensitive organisms as MIC values for ecomycin B were 4-8 juig/ml. Finally 
pseudomycin B is highly active against the human pathogens Candida 
albicans and C. neoformans at 0.6 and 0.01 jjLg/ml^^^, and pseudomycin A 
appears to be active against Ophiostoma ulmi causing Dutch elm disease, see 
Coiro et al.^^. 

Synergistic relations have also been observed between cell wall-degrading 
enzymes and syringomycin E. This CLP is generally a more effective inhibitor 
of spore germination than syringopeptin 25A when tested without hydrolytic 
enzymes^^’ whereas the reverse is true in the presence of hydrolytic 
enzymes. The higher activity of syringopeptin than of syringomycins on target 
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cells with a degraded cell wall is in agreement with the higher ability to disrupt 
(form channels) in different types of artificial lipid membranes^’ and with 
the haemolytic properties of these CLPs^’ 

53.4. Structure-Function Relations for CLPs and Perspectives 

for Future Exploitation as Antibiotics 

The antibiotic properties of relatively few Pseudomonas CLPs have been 
tested against larger panels of target organisms. Nevertheless certain patterns 
emerge for the scattered information that is available: Among bacteria, 
mycobacteria have a high sensitivity to members of several CLP groups, with 
syringopeptin and syringomycin being most potent compounds tested so far. 
Syringopeptin is a potent antibiotic for at least some other Gram-positives, 
while the effects of syringomycin, syringotoxin and in particular viscosin are 
less severe. Antifungal activities are associated with CLPs from all four major 
groups, yet it is difficult to draw more specific conclusions from the experi- 
mental data than that the anti-fungal activity of the CLPs depends both on the 
compound and on the fungal model organisms^^. Hence, quite few specific 
structure-function relationships have been revealed. For tolaasin, three amino 
acids from the a-helical part of the molecule are essential for pore-formation, 
lysis of erythrocytes and induction of disease symptoms on mushroom tis- 
sues^^, and for syringomycin, the Thr-4-Cl residue is required for toxicity^^. 

Pseudomonas CLPs or their derivatives may have a potential as 
anti-mycobacterial and/or anti-fungal drugs. For example, pseudomycin B is 
effective against pathogenic fungi in vivo in mice and rats, but causes irrita- 
tion and eventually necrosis of the affected tissues. Interestingly, pseudomycin 
analogues have been synthesized, which retain antifungal effects in vitro and 
in vivo, but show less toxicity to experimental animals^^^. Even the ecomycins 
that are active against important human fungal pathogens lack toxicity to 
humans^ ^ 



6, SIGNIFICANCE OF Pseudomonas CLP 
PRODUCTION IN THE ENVIRONMENT 

Production of CLPs by pseudomonads and the stability of the com- 
pounds in (more or less) natural environments have only rarely been docu- 
mented. In a recent study, Nielsen and Sorensen^^ found that amphisin and 
tensin were produced in the rhizosphere of young sugar beet plants, while vis- 
cosinamide was maintained at a relatively high level in this habitat. In contrast, 
these CLPs were not produced in a bulk soil environment. Once produced, the 
CLPs are not immediately degraded. For example, the introduction of purified 
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viscosinamide, tensin and amphisin to soil demonstrated that the compounds 
persisted for a few weeks before they were degraded by indigenous micro- 
organisms^^. Considering these data and the above-mentioned significance of 
plant signal molecules for expression of several CLPs, it is likely that CLPs 
are mainly produced in specific habitats, for example, at plant surfaces. 
As summarized below, there are also some reports that address the possible 
functions of Pseudomonas CLPs in these and other natural habitats. 

The production of CLP biosurfactants that increase the wettability of 
surfaces is likely to improve the solubility of hydrophobic substrates, for 
example, plant wax layers^^ or nutrients, that the CLP-producing organisms, 
and possibly other organisms as well, can utilize for growth^^. If specific 
uptake mechanisms for hydrophobic substrates are involved they could possi- 
bly be analogous to the system found in R aeruginosa, where rhamnolipid bio- 
surfactants stimulate fast uptake of hydrophobic compounds as hexadecane^^. 

Pseudomonas CLPs can solubilize plant wax layers, which may facili- 
tate the action of cell wall-degrading enzymes involved in virulence. This has 
been demonstrated in vitro by incubating broccoli florets in a mixture of 
pectolytic enzymes and viscosin. The mixture caused decay of broccoli florets, 
while an enzyme solution alone could not cause this eflfect^^. Hence, a more 
general function of these surfactants might be to improve the access of 
hydrolytic enzymes to polymeric substrates as proteins or carbohydrates that 
are normally protected by hydrophobic surface layers. 

There is a considerable interest to use biosurfactants as alternatives to 
chemical surfactants, for example, in the oil, food and cosmetic industries, in 
part due their higher biodegradability and lower toxicity^’ The major “envi- 
ronmental” applications so far are in oil production, oil recovery and in oil 
spill bioremediation^. Biosurfactants further play an important role in the 
degradation of other hydrophobic pollutants as polyaromatic hydrocarbons 
(PAH). The surfactants solubilize the pollutants, thereby enhancing their 
degradation in the environment. Even heavy metals can be removed from pol- 
luted soil or sediments by batch washing treatments with biosurfactants^^. This 
application makes use of the ability of some surfactants to chelate metal ions. 
Hence, the biosurfactants can chelate metal ions adsorbed to soil solids, and 
subsequently the metal-surfactant complex in the soil solution can be removed 
by washing. The biosurfactants that have been useful in bioremediation exper- 
iments are often not fully characterized, but surfactin from B. subtilis, 
sophorolipids from the yeast Candida {Torulopsis) bombicola and rhamno- 
lipids produced by P aeruginosa have attracted much attention^’ Possibly, 
CLPs from Pseudomonas could be used for bioremediation as well, but this 
possibility has not been explored so far. 

Plant-associated pseudomonads may use the amphiphilic CLPs to con- 
dition their cell surfaces as well as their substratum so as to enable surface 
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motility on, for example, leaf surfaces. For example, a viscosin-producing pec- 
tolytic R fluorescens strain could colonize and spread on hydrophobic broccoli 
floret surfaces, where it caused broccoli head rot"^^. In contrast, a viscosin- 
deficient Tn5 mutant strain was unable to colonize the surface and to spread 
on the florets, and viscosin could complement the mutant phenotype. A more 
general observation along the same line, but not specifically involving 
pseudomonads, is that many bacteria living on surfaces secrete wetting agents 
(or biosurfactants), and that mutants defective in production of these agents 
have a lower accessibility to hydrophobic surfaces and are impaired in spread- 
ing across these surfaces^®. 

A hand-full of studies support the notion that CLP-producing 
Pseudomonas strains can not only inhibit fungi under in vitro conditions but 
actually be useful for biological control of pre-emergence damping-off 
pathogens or post-harvest fungal pathogens. The viscosinamide-producer 
R fluorescens strain DR54, which is antagonistic to R ultimum and R. solani 
in vitro has been introduced to soil-plant microcosms to determine root colo- 
nization, metabolite production and antagonisms against the above fungi^^^’ 
DR54 proved to be a good colonizer of sugar beet roots, and produced 
viscosinamide on the seeds and in the rhizosphere. Furthermore the strain 
inhibited the growth of both fungi and induced morphological changes that 
resembled those demonstrated for viscosinamide in vitro^^’ 
Furthermore, R fluorescens DR54 could reduce damping-off symptoms 
induced by R. solani in pot experiments and increase plant emergence in field 
experiments. These results point to a role for viscosinamide in antagonism 
in vivo, but it has not been established whether viscosin acts alone, or in 
synergism with other antibiotics or exo-enzymes. 

Syringomycin-producing R syringae strains are commercially available 
to control post-harvest diseases, for example, on lemons^"^. Although the 
strains inhibit formation of green mold caused by Penicillium digitatum, the 
concentration of purified syringomycin needed to inhibit the disease was about 
1,000 times the concentration needed to inhibit R digitatum in vitro. This dis- 
crepancy could reflect the need of synergistic actions between syringomycin 
and other antagonistic compounds for effective disease control. Biocontrol 
synergism has been reported for another R syringae strain and the biocontrol 
fungus Trichoderma atroviride strain Pl^^ after simultaneous application of 
these two strains to control B. cinerea on artificially infected apples. 
Subsequent experiments including an endochitinase-negative mutant of 
T. atroviride as well as a chitinase inhibitor demonstrated that this enzyme 
played a role in the synergism, which is in agreement with the synergism 
between CLPs and cell wall-degrading enzymes demonstrated in vitro^^’ 

The synergistic interactions between hydrolytic enzymes and 
syringomycin or syringopeptin, which are required for efficient biocontrol of 
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fungal pathogens resemble the interactions between pectolytic enzymes and 
viscosin that are necessary for development of broccoli head rot. On top of 
this, the synergistic effects of CLP-mediated surface motility and unknown 
antifungal compounds for in vitro biocontrol effect may play a role in the 
antagonism between pseudomonads and other microorganisms in natural 
environments. Hence, we speculate that studies on the interactions between 
CLPs and other cellular functions may provide the key to a future understand- 
ing of the biological significance by CLP-production for pseudomonads in 
natural habitats. In addition, if Pseudomonas CLPs can chelate metal ions, 
they might also be essential for the acquisition of micronutrients in habitats 
conducive for CLP production. 
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1. INTRODUCTION 

Pseudomonas aeruginosa is an environmental bacterium that can be 
isolated from many different habitats including water, soil and plants, but it is 
also an opportunistic human pathogen causing serious nosocomial infections^. 
Under specific environmental conditions this bacterium produces and secretes 
rhamnose-containing glycolipid biosurfactants. The production of rhamno- 
lipids is characteristic of R aeruginosa, no other Pseudomonad produces these 
molecules, and was first reported by Jarvis and Johnson in 1949^^. The syn- 
thesis of these surfactants by cell-free extracts and the fact that they were 
secreted by bacteria in the stationary phase of growth was described nearly 
40 years ago^’ In liquid culture, R aeruginosa produces primarily two forms of 
rhamnolipids (Figure 1): rhamnosyl-p-hydroxydecanoyl-3-hydroxydecanoate 
(mono-rhamnolipid) and rhamnosyl-rhamnosyl-p-hydroxydecanoyl-p- 
hydroxydecanoate (di-rhamnolipid)^^. 

The role that rhamnolipids play in R aeruginosa life cycle and 
pathogenicity has not been completely understood, but they are known to 
affect the cellular outer membrane^ and have been implicated in cell motility^ ^ 
and in the formation of biofilm structure^^. Due to their tenso-active proper- 
ties these compounds have several potential industrial and environmental 
applications^^’ These uses include the production of fine chemicals, the char- 
acterization of surfaces and surface coatings, use as additives for environmental 
remediation, and use as a biological control agenri^. 
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Figure 1. Diagram of rhamnolipids biosynthesis. 



Here we present evidence showing that rhamnolipid production is 
dependent on central metabolic pathways, such as fatty acid synthesis and 
deoxy timidine diphosphate (dTDP)-activated sugars. We also show that the 
production of this biosurfactant is very tightly regulated at the transcriptional 
level by the quorum-sensing response and by environmental conditions; and 
that the production of polyhydroxyalcanoates (PHA), other biotechnological 
important compounds produced by R aeruginosa, have some biosynthetic 
steps in common with their synthesis. Rhamnolipids biosynthetic pathway has 
also steps in common with lipolysaccharide (LPS) and alginate synthesis. 



2. ROLE OF RHAMNOSYLTRANSFERASES 
1 AND 2 IN RHAMNOLIPID PRODUCTION 



Pseudomonas aeruginosa cell-free extracts were found to produce 
rhamnolipids by two sequential reactions^’ The first reaction is catalyzed by 
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rhamnosyltransferase 1 (RTl) and uses TDP-L-rhamnose and a ^-hydroxy 
fatty acid as precursors yielding mono-rhamnolipid (Figure 1) which in turn is 
the substrate, together with TDP-L-rhamnose, of rhamnosyltransferase 2 (RT2) 
that produces di-rhamnolipid (Figure 1). RTl is composed of two polypeptides 
RhlA and RhlB (Figure 2). The latter protein is the catalytic subunit^® and 
seems to be an inner membrane protein^^. While RhlA role has not been deter- 
mined, it is known to be very important for mono-rhamnolipid production^^ 
and seems to be loosely bound to the inner membrane^^. RT2 is composed of 
a single protein called RhlC (Figure 2) that has sequence homology with rham- 
nosyltransferases involved in LPS synthesis, but is specific for di-rhamnolipid 
synthesis^^. RT2 also seems to be loosely bound to the inner membrane^^. The 
subcellular localization of RTl and RT2 suggests that rhamnolipid production 
and secretion are coupled (Figure 2), but the participation of other proteins in 
secretion has not been ruled out. 

The rhlA and rhlB genes are arranged as an operon and are clustered with 
rhlR and rhll (Figure 2), that encode proteins involved in their transcriptional 
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Figure 2. Schematic representation of the structure and regulation of the rhl genes encoding RTl 
(rhlAB) and RT2 (rhlC), and the cellular localization of these enzymes. The rhlR and rhll genes 
encode for RhlR transcriptional regulator and Rhll acylhomoserinelactone synthetase Rhll. 
Autoinducers that interact with RhlR and with LasR, and other transcriptional regulators are shown. 
The mRNA start site of a gene or operon is located downstream of the promoter that is schematized 
by the site where the arrows are pointing. The transcription termination site is shown as the head of 
an arrow in the bar showing the genes in this chromosomal region. The sign + or - refers to the 
transcriptional regulation effect of RhlR on the promoter located where the arrows are pointing. 
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regulation through the quorum-sensing response^^’ as described below. The 
rhlC gene is not linked in the chromosome to other rhl genes and forms part 
of an operon with a gene whose function is not known (Figure 2). The operon 
containing rhlC is regulated at the transcriptional level in a similar manner as 
rhlAB operon^^. 



3. RHAMNOLIPIDS PRODUCTION IS REGULATED 
BY THE QUORUM-SENSING RESPONSE 

The synthesis of these surfactants is regulated by a very complex 
genetic regulatory system that also controls different R aeruginosa virulence- 
associated traits called quorum sensing, which depends on the production of 
the so-called bacterial autoinducers 

The most common autoinducers produced by proteobacteria are 
N-acyl-homoserine lactones (HSL) with side chains of various lengths^^. 
These small diffusible signaling molecules activate gene expression at high 
bacterial densities through the interaction with specific transcriptional activa- 
tors of the LuxR family. In R aeruginosa two autoinducer-mediated transcrip- 
tional regulator circuits have been described^^’ One is dependent on 
iV-3-oxododecanoyl-HSL (3-0-C12-HSL), which is synthesized by the product 
of the lasi gene and promotes the LasR induction of different virulence 
associated traits including the gene coding for the transcriptional regulator 
RhiR 23 , 27 , 36 rhll^^. The second autoinducer-regulated genetic circuit 
responds to A^-butanoyl-HSL (C4-HSL) that is produced by Rhll^^ This quo- 
rum-sensing system promotes, through the activation of RhlR, the expression, 
among others, of the genes encoding for enzymes involved in rhamnolipid 
synthesis: the rhlAB operon, encoding RTl^^ and the rhlC gene encoding 
RT2^^. The use of whole genome analysis, including microarrays"^^’ of the 
quorum-sensing regulated genes in R aeruginosa has shown that hundreds of 
genes are regulated by this system"^^’ The two R aeruginosa quorum- 
sensing systems form a very complex regulatory circuit (Figure 3) which has 
not been completely elucidated. 

The transcriptional regulators of the LuxR family bind to a specific 
DNA sequence in order to activate transcription^^. In the case of R aeruginosa 
these sequences have been called “las boxes”^^. The different DNA motifs 
which determine that a “las box” is recognized by RhlR or LasR are beginning 
to be understood^^’ 

We have recently reported that rhlR is not only regulated by LasR/ 
3-0-C12-HSL, but that it is subject to a very complex transcriptional regula- 
tion^^. This gene presents four different promoters (one of which is 
dependent), two “las-boxes” and a Vff (a CRP homolog) binding sequence 
(Figure 4). RhlR itself seems to repress the expression of one of this 
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Figure 3. Schematic representation of the R aeruginosa quorum-sensing regulatory network. The 
symbols in this scheme are the same as in Figure 2. The genes shown in this figure encode the 
following proteins: lasA elastase A; lasB elastase B; apr alkaline protease; xcp proteins belonging 
to the extracellular protein transport system II. 

las box 2 Vfr las box 1 rhlR 

_ l — ^ 

I I ! 1 

P4«j’^ P3(0-'^) P2<o™)PI(o™) 

Figure 4. Schematic representation of rhlR regulatory region. PI, P2, P3 and P4 depict the four 
different transcriptional start sites detected. In parenthesis the sigma factor found to be involved 
in transcription of each promoter is shown. The region marked as Vfr represents the consensus 
sequence for binding of this transcriptional regulator found in this region. The presence of two 
putative las boxes is shown. 



transcriptional start sites. According to this structure we found that the expres- 
sion of this gene is tightly regulated by different environmental conditions and 
that its expression is not only dependent on bacterial density. It is interesting 
that under some culture conditions rhlR expression is only partially dependent 
on LasR. To our knowledge rhlR presents the most complex pattern of tran- 
scription regulation described for any of the genes encoding members of the 
LuxR family of transcription regulators. 
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We have recently reported^^ that RhlR not only activates rhlAB promoter 
when it is bound to C4-HSL, but that it acts as a repressor on this pro- 
moter in the absence of its autoinducer (Figure 5). There are other genes 
in R aeruginosa, like lasB, that are fully activated by LasR/3-o-C12-HSL and 
to a lesser extent by RhlR/C4-HSL^^. It has been reported that lasB seems to 
be repressed by RhlR in the absence of C4-HSL^. As mentioned above, we 
have reported evidence suggesting that RhlR represses the expression of its 
own gene^^. To our knowledge, this is the first case of a bacterial transcrip- 
tional regulator that activates or represses the same promoter, binding to the 
same sequence, depending on the binding of a coligand. LasR has been found 
to bind to las boxes and to multimerize only when it is complexed with 3-o- 
C12-HSL^^. According with our finding that RhlR represses the expression of 
the rhlAB promoter in the absence of C4-HSL, it was recently reported that 
RhlR forms a dimmer in the absence and in the presence of this autoinducer^®. 








fas box -35 -10 



Figure 5. Schematic representation of the transcriptional regulation of the rhlAB promoter by 
RhlR, depending on the ratio of RhlR/RhlR(C4-HSL). When RhlR is bound to its cognate autoin- 
ducer C4-HSL it acts a transcriptional activator (A), but when RhlR is not complexed with this 
autoinducer it acts as a transcriptional repressor, either by blocking transcription initiation (B) 
or elongation (C). Other elements involved in transcriptional regulation of this promoter are 
discussed on Section 6. 
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4. REGULATION OF PRODUCTION OF 

d-tdp-l-rhamnose and its role in 

RHAMNOLIPIDS PRODUCTION 

The synthesis of LPS in all gram-negative bacteria uses different 
activated sugars as precursors. In the case of P. aeruginosa (Chapter 1, Volume 3) 
it has been reported that dTDP-D-glucose, guanosine diphosphate (GDP)-d- 
rhamnose, GDP-mannose and dTDP-L-rhamnose, among others, are LPS pre- 
cursors (Figure 6). It has been reported that AlgC plays a central role in the 
biosynthetic pathway of all these activated sugars^. AlgC transforms mannose- 
6-phosphate to mannose- 1 -phosphate a precursor of GDP-mannose, and hence 
of LPS and the exopolysaccharide alginate (Chapter 2, Volume 3), but it 
also catalyzes the conversion of glucose-6-phosphate to glucose- 1 -phosphate, 
a precursor of dTDP-D-glucose and dTDP-L-rhamnose (Figure 6). 
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Figure 6. Schematic representation of the dTDP-L-rhamnose, GDP-D-rhamnose, GDP-mannose 
and GDP-mannuronic acid biosynthetic pathways, and their involvement in the production of 
alginate, lipopolysaccharide (LPS) and rhamnolipids synthesis. Taken with permission from 
Olvera et al., FEMS Microbiol. Lett., 179:85—90. 
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Figure 7. Schematic representation of the rmlBDAC transcriptional regulation. The marked areas 
in the bar represent the two detected promotes PI and P2. Above these promoter the sigma factors 
found to be involved in their transcription are shown. A discontinuous arrow is used to point out 
that RhlR activation is indirect and a question mark is used to show that the elements involved in 
the direct activation of transcription are unknown. 

We described that AlgC through its phospho-gluco-mutase activity is directly 
involved in rhamnolipids biosynthesis^^. 

The dTDP-L-rhamnose biosynthetic pathway has been reported in 
different bacteria to consist of the conversion of glucose- 1 -phosphate via 
dTDP-glucose, dTDP-6-deoxy-D-xylo-4-hexulose and dTDP-6-deoxy-L-lyxo- 
4-hexulose (Figure 6). In P. aeruginosa the enzymes catalyzing these conver- 
sions are encoded by rmlA, rmlB, rmlC and rmlD, respectively and to be 
arranged in the operon rmlBCAD^^. It has been reported that mutations in the 
rml operon on P aeruginosa serotypes that contain L-rhamnose in their LPS, 
like PAOl, produce truncated LPS molecules^^, and are unable to produce 
rhamnolipids^"^. 

We have recently reported the transcriptional regulation of the rmlBCAD 
operon^"^. It contains two transcriptional start sites, one of which is only 
expressed at the stationary phase of growth and seems to be dependent on 
for its expression. (Figure 7). The expression of the rml operon is dependent on 
RhlR in an indirect manner, in the absence of RhlR dTDP-L-rhamnose or other 
metabolic intermediate it seems to accumulate and reduce its expression^"^. 



5. SYNTHESIS OF THE RHAMNOLIPID 
FATTY ACID MOIETY 

Synthesis of the fatty acid moiety of rhamnolipid (Figure 8) separates 
from the P aeruginosa general fatty acid biosynthetic pathway at the level of 
the ketoacyl reduction^. The enzyme responsible for draining the fatty acid 
precursors of rhamnolipid from the general biosynthetic pathway is called 
RhlG and shows significant sequence homology with numerous NADPH- 
dependent ketoacyl reductases. RhlG is specifically involved in rhamnolipids 
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rhl2 





Figure 8. Schematic representation of the fatty acid biosynthetic pathway showing the deduced role 
of the RhlG protein in the production of rhamnolipids. Initiation of fatty acid biosynthetic cycle, cat- 
alyzed by FabH, requires acetyl-CoA and malonyl-ACP to form aceto-acetyl-ACP. Subsequent 
cycles are initiated by condensation of malonyl-ACP with acyl-ACP, catalyzed by FabB and Fab F. 
In the second step, the resulting P-ketoester is reduced to a P-hydroxyacyl-ACP by FabG. The third 
step in the cycle is catalyzed by either FabA or FabZ. The fourth and final step is the conversion of 
trans-2-enoyl-ACP to acyl-ACP, a reaction catalyzed by Fabl. Abbreviations used are: TDP-r: thymi- 
dine-diphospho-L-rhamnose; Rtl and Rt2: rhamnosyl transferases 1 and 2, respectively; rhll : mono- 
rhamnolipid; rhl2: di-rhamnolipid; p-hdd: p-hydroxydecanoyl-b-hydroxydecanoate. 



production and also affects PHA synthesis. General fatty acid content and 
autoinducer production in a rhlG mutant remain unaffected^. Accordingly with 
its role in rhamnolipid production rhlG has been shown to contain a “las box” 
in its regulatory region and thus to be transcriptionally regulated by the 
quorum-sensing regulators LasR or RhlR^. 

The fatty acid moiety of rhamnolipids is generally constituted by 
a dimmer^^, which is the first intermediary in PHA synthesis. However, PHA 
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synthases can only use fatty-acid-CoA as a substrate^^ while RTl is able to use 
as substrates free fatty acids'^’ ^ and both ACP- or CoA-linked precursors 
(Figure 9). There are two types of evidences showing the use of the latter two 
compounds as substrates. First, R aeruginosa mutants defective in PhaG, the 
enzyme involved in the transacylation from ACP to CoA, are unable to 
produce PHA while still able to produce rhamnolipids"^^. The other type of 
evidence^ is the synthesis of mono-rhamnolipid by Escherichia coli carrying 
the rhlAB and rmlBDAC operons grown on minimal medium with glucose as 
carbon source (a condition where only ACP-fatty-acids are produced). Similar 
amounts of mono-rhamnolipid are produced when fatty acids-methyl esters are 
supplied as carbon source, and the most abundant fatty acid precursor is linked 
to CoA^, suggesting that CoA-fatty acids are also RTl substrates. 

It has recently been published that RhlA catalyzes the synthesis of 
3-(3-hydroxyalkanoic acids) that also have surfactant activity and which 
constitute the lipid moiety of rhamnolipids^^. It thus seem clear that RhlA is 
involved in the synthesis of the lipid dimmer, while RhlB is involved in rhanmose 
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Figure 9. RTl is able to use different fatty acid derivatives as substrates. 



p-hydroxydecanoic acid 
(CoA or ACP) 

I RhlA 

p-hydroxydecanoyl P-hydroxydecanoic acid 



dTDP-L-rhamnose 



RhlB 




monorhamnolipid dTDP 




Figure 10. Proposed role of RhlA and RhlB in rhamnolipid and PHA synthesis. 
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transfer reaction to the lipid acceptor^^ (Figure 10). These results are in accor- 
dance with our observation that the lipid moiety of the mono-rhamnolipid 
produced in E. coli expressing the rhlAB operon, present the same lipid moiety 
as those produced in R aeruginosa^', and explain the metabolic link between 
rhamnolipid synthesis and PHA production, since the fatty acids dimmers 
produced by RhlA seem to be substrates of the enzymes involved in PHA 
synthesis^^. 

6. REGULATION OF RHAMNOLIPID PRODUCTION 
BY NUTRITIONAL FACTORS 

Rhamnolipids^^’ as well as other P aeruginosa quorum-sensing 

regulated traits are only produced on certain culture conditions^ mainly under 
nutrient limitation. The genetic elements involved in the differential expression 
of the quorum sensing-dependent traits on nutrient limitation are currently 
unknown. The dependence of the quorum-sensing response on nutrient avail- 
ability has been documented for several bacteria^ including 

R aeruginosa^^ . In many bacteria this dependence involves the interaction of the 
quorum-sensing transcriptional regulators with regulators responding to stress, 
like (see ref. [25]). In the case of R aeruginosa there have been several reports 
which correlate expression with the quorum-sensing response^^’ 
but the precise role of this sigma factor has not been elucidated (Figure 3). 

We have reported recently that the rhlAB promoter is partially dependent 
on (j^ for its expression^^. In addition we found that this operon is not expressed 
during the logarithmic phase of growth, even in the presence of RhlR and 
C4-HSL (Figure 11) when cells are grown on rich media^^ or on minimal media 
supplemented with amino acids, while on minimal media it is expressed since 
the onset of the culture (Medina and Soberon-Chavez, unpublished results). 
This behavior is also seen when the expression of the rhlAB promoter is studied 
in the E. coli background (Figure 11), showing that a widespread regulatory 
element in bacteria is responsible for the silencing of the rhlAB promoter 
during the exponential phase of growth^'^. These results also show that the 
expression of the rhlAB operon is not only dependent on RhlR and C4-HSL, but 
that nutrient limitation is a necessary condition for its transcription. 

To have a more clear picture of the point of regulation of rhamnolipids 
production in R aeruginosa by nutritional factors, we studied the correlation 
between rhlR expression and rhamnolipids production on different media 
during the stationary phase of growth (Medina, Sanchez, Aguirre, Juarez, 
Brom and Soberon, unpublished results). We found that in most conditions the 
level of rhlR expression correlates with the amount of rhamnolipids produced, 
but that there are exceptions in which the level of C4-HSL seems to be the 
point of regulation. These results are in agreement with the very complex 
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DH5a/pECP61.5 growth curve on LB medium, and P. aeruginosa PA01/pCP61.5 growth curve on PPGAS medium, in the presence and absence of 1 mM 
IPTG and C4-HSL (as stated in the figure). (B) Immunodetection of RhlR on the same conditions shown in (A). Lanes correspond to (1) molecular weight 
markers, (2), (5) and (8) cultures grown for 2 hr, (3), (6) and (9) cultures grown for 4 hr, (4), (7) and (10) cultures grown for 8 hr. Lanes (2) -(4) show unsup- 
plemented cultures, (5)-(7) show cultures grown with C4-HSL and (8)-(10) show cultures grown with both C4-HSL and IPTG. 






Biosynthesis of Rhamnolipids 



185 



Structure of rhlR promoter^^, and with the transcriptional regulation of rhll, 
which does not seem to be strictly dependent on RhlR^^. 

The differential expression of the quorum-sensing regulon on different 
environmental conditions'^ and cell growth phases^^’ might explain the 
existence in R aeruginosa of two quorum-sensing systems. 



7. CONCLUSIONS 

Pseudomonas aeruginosa is a bacterium that has an environmental 
lifestyle and at the same time is able to establish pathogenic interactions 
with a wide variety of hosts^’ . It is unique since clinical isolates are not 
genetically distinct from strains isolated from the environment.'^^ The under- 
standing of rhamnolipids biosynthesis by R aeruginosa is a model that permits 
the study of this bacterium from the point of view of its two lifestyles. These 
biosurfactants are produced along with different virulence associated traits and 
seem to be also produced in the environment when bacteria are in conditions 
of nutrient limitation. 

We have described the complete R aeruginosa rhamnolipids biosyn- 
thetic pathway, showing that it is tightly linked to central metabolic pathways, 
as are the synthesis of activated sugars and of fatty acids. But also that it shares 
different enzymatic reactions with the biosynthetic pathways of several bacterial 
polymers, such as LPS, PHA and alginate. 

Accordingly with these characteristics, the regulation of rhamnolipids 
production at the genetic level is very complex. The quorum-sensing response 
depending on RhlR and C4-HSL plays a central role, but other regulatory 
circuits are also involved. 

Rhamnolipids have different biotechnological applications, but the 
complexity of their biosynthetic pathway makes the development of R aeruginosa 
hyper-producing strains a nonviable approach. There have been some unsuc- 
cessful attempts to produce rhamnolipids in heterologous hosts^^’ presumably 
due to limitations in RTl substrate availability. Thus, the development 
of a metabolic engineering strategy for the production of rhamnolipids in 
heterologous hosts is an important alternative for the production of these 
biosurfactants that waits to be developed. 
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1. INTRODUCTION 

Denitrification is part of the biogeochemical nitrogen cycle driven 
by prokaryotes. The introduction of reduced nitrogen into the biosphere by 
nitrogen fixation is reversed by the sequential action of nitrification and 
denitrification. A complete denitrification process, yielding dinitrogen from 
nitrate, consists of four respiratory systems utilizing as electron acceptors: 
nitrate, nitrite, nitric oxide (NO), and nitrous oxide (N 2 O) (Figure 1). 
Backward-running reactions of the N-cycle, nitrate assimilation and nitrate 
ammonification, as well as a short circuit represented by the anammox 
process, are not depicted in Figure 1. Nitrate assimilation and ammonification 
depend on sets of different enzymes as those of nitrate respiration^^’ The 
anammox reaction, which reduces nitrite at the expense of ammonia oxidation 
to form dinitrogen, had been postulated on theoretical grounds. It was recently 
found in the genus Planctomyces and seems to be of ecological importance^^. 
Because the process allows the simultaneous removal of oxidized and reduced 
nitrogen, it attracts considerable attention as a new way of treating wastewater. 
Although denitrification is a mode of anaerobic respiration, the known 
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Figure 1. The biogeochemical nitrogen cycle. The scheme shows an idealized pathway of 
a dinitrogen molecule being recycled by reductive (nitrogen fixation), oxidative (nitrification), 
and once more reductive reactions (denitrification), and thus undergoing transformations into 
various inorganic nitrogen species. The formal oxidation state is indicated above each species. 
Enzymes catalyzing the cycle are (a) dinitrogenases, EC 1.18.6.1 and 1.19.6.1, (b) ammonium 
monooxygenase, no EC number, (c) hydroxylamine oxidase, EC 1.7. 3. 4, (d) nitrite oxidoreduc- 
tase, no EC number, (e) respiratory nitrate reductase, EC 1.7.99.4, (f) respiratory nitrite reductases, 
EC 1. 9.3.2 and 1. 7.2.1, (g) nitric oxide reductase, EC 1.7.99.7, and (h) nitrous oxide reductase, 
EC 1.7.99.6. 



denitrifying prokaryotes are nearly exclusively aerobic organisms which 
express the process facultatively. A main theme of denitrification research, 
therefore, is how bacteria perceive the environmental signals to turn on the 
alternative gene programs and regulate the coordinate expression of the deni- 
trification apparatus. 

The substantial advances made in the understanding of the denitrifica- 
tion system during the past two decades have been summarized in several 
reviews. Two treatises cover the entire process with emphasis on the biochem- 
istry and bioenergetics or the cell biology and molecular genetics projected 
against the diversity of denitrifying organisms^^^. Physiological genetics of 
dissimilatory nitrate reduction by bacteria have been compared with the assim- 
ilatory pathway^^. Formation of NO from nitrite by the two biochemical 
variants of nitrite reductases^^ as well as NO reduction^^^ were discussed from 
structural and mechanistic viewpoints. The known structures of denitrification 
enzymes have been reviewed^^. X-ray structures of respiratory nitrate 
reductase and NO reductase are still missing. For the latter enzyme a feasible 
model exists at least, based on the similarity with cytochrome-c oxidase^^^. 
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A modeling approach is possible because of the structural and evolutionary 
relationships between the two enzymes^ 



2. DENITRIFICATION BY PSEUDOMONADS 

The genetic inventory of pseudomonads with respect to the nitrogen cycle 
consists in the enzymes e through h shown in Figure 1. Many species are capable 
of anaerobic nitrate denitrification and usually they also have the capability to 
assimilate nitrate. It is likely that Gayon and Dupetit, the codiscoverers of deni- 
trification, already studied the process with a pseudomonad^^^. Pseudomonads 
contribute a large assemblage to the denitrifying prokaryotes^^^’ They are 
amenable to genetic manipulation and, since the process cannot be investigated 
with enterobacteria, seem to be the logical choice for the study of denitrification. 
The most commonly isolated denitrifiers from temperate soils are fluorescent 
pseudomonads which have the ability of complete nitrate denitrification to dini- 
trogen'^^. This is seen as their selective advantage and might explain in part the 
observed prevalence^^ The biovars B, C, and F of Pseudomonas fluorescens 
harbor denitrifying bacteria. The strain of P fluorescens PfO-1 being sequenced 
currently is of importance as a plant pathogen, but is nondenitrifying. 

Pseudomonas stutzeri and Pseudomonas aeruginosa have been used 
prominently to explore the denitrification process and central findings were 
made first investigating a pseudomonad. P stutzeri (initially named Bacillus 
denitrificans II by its discoverers R. Burri and A. Stutzer in 1895) is a vigor- 
ous denitrifier and grows on nitrate, nitrite, and nitrous oxide (N 2 O). P stutzeri 
was the source organism for the discovery of the enzymes and genes for N 2 O 
reduction and NO reduction. The ZoBell strain (formerly Pseudomonas 
perfectomarina) is a marine isolate off the California coast, although P stutzeri 
seems not be a prevalent inhabitant of the marine environment. Quantitation of 
a denitrification specific marker reveals a greater abundance of P stutzeri in 
lake sediments and ground water^^ A new denitrifying species. Pseudomonas 
balearica, was isolated from the Mediterranean Sea^^. 

Specific aspects of denitrification have been studied with several other 
pseudomonads. Of the denitrifying P fluorescens C7R12 the nos gene cluster 
has been sequenced^^. Pseudomonas aureofaciens and a taxonomically yet 
to be defined Pseudomonas sp. G-179 have been shown to harbor a copper- 
containing nitrite reductase (Cu-Nir)^^’ Pseudomonas nautica strain 617 
provided the source of N 2 O reductase (N 2 OR) for crystallization and structure 
determination^^. Note, however, that the type strain of P nautica is identical 
with that of Marinobacter hydrocarbonoclasticus^^^ . Pseudomonas putida has 
been used as the nondenitrifying host for the expression of denitrification 
genes from P aeruginosa^^^ and P stutzeri^^^. 
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3. DENITRIFICATION GENES, IDENTIFICATION, 

AND ORGANIZATION 

It is clear now that denitrification genes are organized in several clusters 
on the chromosome. Three loci have been identified in R stutzeri and four in 
R aeruginosa (Figure 2). The genes for assimilatory {nas) and dissimilatory 
{nar and nap) nitrate reduction are unlinked in separate loci, whereas the nir 
genes for nitrite respiration and the nor genes for NO respiration are vicinal. 
This holds also for other denitrifiers. The denitrification gene clusters harbor, 
in addition to the structural information for the enzymes, functions for metal 
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Figure 2. Denitrification gene loci of P. stutzeri and R aeruginosa. Arrow boxes denote the rela- 
tive size of open reading frames and the direction of transcription. Homologous genes of the two 
species carry the same designation. Solid arrow boxes indicate reductase structural genes; regula- 
tory genes are identified by gray boxes; white boxes denote ancillary functions explained in the 
text. The orientation of gene clusters of R aeruginosa corresponds to that of the genome with 
the nos genes encoded by the + strand. Mapped transcription start sites are indicated by dots, 
putative sites of Fnr boxes by solid triangles, NarL boxes by open triangles. The extent of tran- 
scripts is shown by arrows. The broken outline for napA of R stutzeri indicates lack of sequence 
information. 
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processing, cofactor synthesis, electron donation, protein maturation, assem- 
bly processes, transport, and regulation. As a matter of fact, indispensable 
ancillary functions comprise the majority of denitrification genes (Figure 2). 
Currently about 40 genes have been identified each of R stutzeri and 
R aeruginosa. The individually sequenced DNA fragments and the recent 
expansion of information from several genomes of denitrifying bacteria allow 
a comparative study of gene organization^^. The arrangement of denitrification 
genes and their relative location within individual clusters is considerably con- 
served. Overall they follow the pattern that prokaryotic genes involved in the 
same metabolic pathway are clustered. It is also gratifying to see that the 
individual analyses and mapping carried out prior to the genomic era are con- 
firmed by the complete genome sequence of R aeruginosa^^^. 

The isolation of the genes for N 2 O utilization (nos) marked the begin- 
ning of unraveling the genetic background of denitrification. The gene 
for N 2 OR, nosZ, was the very first gene of known structure in the field of 
anaerobic N-oxide metabolism including nitrate respiration^^^. It was mapped 
by transposon Tn5 insertions and identified by expression in Escherichia 
coli. The nirS gene for cytochrome-c<ii nitrite reductase was isolated from 
R aeruginosa using oligonucleotide probes designed from the amino acid 
sequence of the purified enzyme^^^. The same approach was used to identify 
the norCB genes encoding the cytochrome-i?c NO reductase complex of 
R stutzeri^^. The structural gene for Cu-Nir, nirK, was identified 
in Rseudomonas sp. G-179 by tagging the wild-type gene with Tn5^^^ or in 
R aureofaciens by screening an expression library with an anti-NirK anti- 
serum"^^. The structural genes encoding the two subunits NapA and NapB of 
the periplasmic nitrate reductase were identified in Ralstonia eutropha^^^. 
Homologues of napA have been detected by DNA-DNA hybridization in 
R aeruginosa and R stutzeri^^^. Compared with the genetic information avail- 
able for denitrification sensu stricto, our knowledge about the nitrate-respiring 
system of the pseudomonads is still limited, which extends also to comparative 
sequence information and gene organization of nas and nap gene clusters. 

The majority of the 35 genes in the principal denitrification cluster 
of R stutzeri are transcribed in the same direction. They form probably 
12 transcriptional units, of which little over half have been identified experi- 
mentally. Polycistronic transcripts exist for norCB^^^, nirSTB^^, dnrNODR^^^, 
nosDFYLtatE, and the nnrS operon^^. The transcriptional organization in 
R aeruginosa is less complex than that of R stutzeri (Figure 2). Operon struc- 
tures deduced for the former organism rest on indirect evidence by demon- 
strating lack of internal promoter activity of gene constructs with lacZ or xylE 
fusions. The nos genes form a single nosRZDFYL operon^. The nir genes may 
be transcribed as a large operon comprising 1 1 genes, nirS through nirN^^, 
and the tricistronic operon, nirQOR^. As far as the multicistronic operons of 
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denitrification genes encode disparate functional roles, they prompt the 
question by which means the required balanced concentrations of gene 
products for proper cellular functioning are adjusted. 

Transcript start sites have been mapped for the R stutzeri genes nosR, 
nosZ, and nosD^^, nnrS^^, norCB^^^, dnrD^^^, nirS^^, and narG and narK^^. 
This allows the localization of recognitions motifs for transcriptional regula- 
tors (Figure 2). ¥or P aeruginosa denitrification genes, only the transcript start 
site of nosR is known so far^. Several different types of regulators are encoded 
within the nar, nir-nor, and nos clusters by the genes narXL, dnr, dnrD, nirY, 
and nosR (Figure 2). narXL encodes a nitrate sensitive two-component sensor- 
regulator system. The dnr and dnrD orthologues of R aeruginosa and 
R stutzeri, respectively, encode NO-responsive regulators which are consid- 
ered to function as the master switch for the expression of the denitrification 
system^^^. Both are found downstream and in the opposite direction of the nor 
operons of R stutzeri and R aeruginosa. The term Dnr describes now a sub- 
group of homologous regulators within the Crp-Fnr superfamily; thus, renam- 
ing the R aeruginosa gene would help nomenclatorial transparency. nosR 
encodes a regulator for nosZ expression. nirY encodes a LysR-type regulator 
whose target genes need to be identified. Regulatory genes for denitrification 
reside also outside the known denitrification loci, anr of R aeruginosa 
encodes a global transcriptional activator for anaerobic metabolism including 
denitrification^^; its homologue in R stutzeri is fnrA. The genes comprising the 
Anr and FnrA regulons in these two bacteria are not identicaF^"^. 

Denitrification genes also form part of the quorum-sensing regulon. The 
autoinducer A-(3-oxododecanoyl) homoserine activates nirS, norBD, and 
napCB of R aeruginosa, but represses nirMCFUN and nosRZDFLYL^^^ . In 
physiological terms this could mean that nitrite denitrification terminates 
under certain conditions at the level of N 2 O. The apparent opposite regulatory 
behavior of the nirS gene and genes for heme-Jj biosynthesis is puzzling, 
considering the presumed operon structure of the nir gene set^^ and the 
requirement of either gene functions for nitrite respiration. 



4. NITRATE RESPIRATION AND MEMBRANE 
TOPOLOGY OF DENITRIFICATION 

Complete denitrification is an assembly of four respiratory systems, 
showing different degrees of autonomy. Nitrate respiration and N 2 O respira- 
tion may function as independent processes, each satisfying the entire energy 
need of a bacterium. Individually controlled gene clusters for nar and nos sup- 
port this notion. In contrast, the reduction of nitrite and the reduction of NO 
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are coupled by a common regulator of the Crp-Fnr family, such that the 
expression of nitrite respiration is concomitant with that of NO respiration to 
avoid accumulation of NO. 

Upon induction, the oxidoreductases of denitrification are being added 
to the aerobic respiratory chain whose central components remain functional. 
The aerobic respiratory chain of P. aeruginosa comprises primary dehydroge- 
nases, coenzyme Q-9, the cytochrome-fcci complex, cytochrome C551, and 
several terminal oxidases The genome reveals clearly four types of 
oxidases: cytochrome aa^, (cox), cytochrome-o ubiquinol oxidase (cyo), 
cytochrome cbb^ (cco), and a cyanide insensitive oxidase (cioy^^. The 
cco operon is duplicated in two adjacent ccoNOQP sets^^^, and there are 
several more genes whose products show similarity to oxidases and need 
further analysis. Several oxidases have been purified'^'^’ The global 

anaerobic regulator Anr has been shown to affect the aerobic inventory of 
oxidases and is proposed to act as a repressor for aerobic respiration^ 

The basic composition of the respiratory chain of P stutzeri is assumed 
to be similar to that of P aeruginosa, although there is no evidence for 
cytochrome aa^, but for cytochrome cbb^^^'^’ and a cytochrome-co oxidase^^. 
Other than in P aeruginosa the ccoN operon is not duplicated. The cbbyXy^Q 
oxidase has been isolated. It consists of a 114.1 kDa CcoNOP complex of 
three subunits in equimolar stoichiometry (53.2, 23.5, and 34.9 kDa). CcoQ is 
not part of the purified protein^^^’ The oxidase is expressed preferentially 
under 02-limited conditions and is probably a high-affinity oxidase not 
operative in oxygen-saturated cells^^^. Figure 3 shows the composition and 
topology of the respiratory chain of P stutzeri or P aeruginosa. 

A dual signaling pathway mediating nitrate (in part also nitrite) and 
oxygen responses is operative in pseudomonads for the expression of nitrate 
respiration. Activating the narGHJI operon involves regulators of the NarXL 
two-component and the Crp-Fnr families. Nitrate added to 02-limited cells 
first induces respiratory nitrate reductase which generates nitrite^^. This, in 
turn, is thought to trigger the NO-specific signal transduction pathway by 
forming NO enzymatically or nonenzymatically. The genes for the nitrate sen- 
sor, NarX, and the response regulator, NarL, are located upstream of the nar 
operon in P stutzerf^, P aeruginosa^^^ , and P fluorescens^^ . Knockout muta- 
genesis of narXL prevents nar expression in P stutzeri, without affecting the 
other oxidoreductases of denitrification. The Pseudomonas NarXL regulatory 
system is assumed to be structurally and functionally similar to that of 
E. colP^. Although it has not yet been shown experimentally here, the 7-2-7 
recognition sequences, with the heptameric TACYXMT (Y = C or T; M = A 
or C) consensus half site, are the likely sites of binding of phosphorylated 
NarL for gene activation^^. They are centered at -100 and -94.5 of the 
narG and narK promoters, respectively (Figure 4). Note that NarL sites show 
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Figure 3. Components and membrane topology of the anaerobic electron transfer chain of 
denitrification. The situation is depicted for 02-limiting conditions of R stutzeri, which leads to 
the expression of the denitrification system in the presence of nitrate. Components of the aerobic 
respiratory chain consisting of NADH dehydrogenase (DH), the Q-cycle (QH2/Q), cytochrome bc\ 
(Cyt bcx), and a terminal oxidase (Cyt cbb^) are marked with asterisks. No compositions of these 
complexes are being detailed. The denitrification system comprises respiratory nitrate reductase 
(NarGHI), nitrite reductase (NirS), NO reductase (NorCB), and N2O reductase (NosZ). NapAB is 
the periplasmic nitrate reductase which has a membrane-bound electron-donating component, 
NapC. Proton translocation (TH'*') is driven by a redox loop mechanism (nitrate reduction) or by 
the Q-cycle and proton pumping complexes. Abbreviations: FeS, iron-sulfur centers; b, c, and 
heme b, heme c, and heme respectively; MGD, molybdopterin guanine dinucleotide; cyt and 
azu, unspecified periplasmic c-type cytochrome and blue Cu protein, respectively, both accepting 
electrons from the cytochrome-Z?Ci complex; C551, cytochrome C551. Except for NirT (which is 
absent) the scheme is valid also for R aeruginosa. NirT and NapC are homologues of a tetraheme 
protein family involved in electron donation from quinol to the periplasm^ Putative nitrite or 
nitrate transporters are termed NarK and NarC, respectively, which correspond in R aeruginosa to 
NarKi and NarK2; their functional assignment follows reference [ 91 ]. 



considerable variability with respect to location and orientation of half sites 
toward the start of transcription of target genes^^ 

Expression of the nar operon depends also on a signal generated by 
low oxygen tension or anoxia. This response is mediated by the Fnr-type 
transcription factor Anr in R aeruginosa^^^. The homologous anaerobic regu- 
lator FnrA of R stutzeri apparently does not act on the nar operon but on a 
number of other anaerobically expressed genes, among them the ccoN operon 
for cytochrome cbb^ and the arginine deiminase pathway^^^. It is not uncom- 
mon that a bacterium harbors multiple members of Crp-Fnr regulators'^ and 
not all Fnr-like proteins of R stutzeri may have been identified yet. Anr and 
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Figure 4. The NarXL two-component system for nitrate sensing, nar gene activation requires the 
NarX transmembrane-acting sensor with a periplasmic domain for interaction with the signal 
molecule. The sensor has also a minor specificity for nitrite. The cytoplasmic kinase domain of 
NarX acts on the NarL regulator, which in its phosphorylated form binds to heptameric recogni- 
tion sites of target genes. A signal from low oxygen, which is mediated by an Fnr-type regulator, 
is assumed to act concertedly with nitrate regulation. In R aeruginosa this is Anr'^^. The positions 
of the regulatory motifs (NarL, Fnr) are given for P. stutzeri as the distances of the center of the 
motifs from the transcription start sites. Note the inverted orientations of NarL half sites in the two 
target promoters^^. 



FnrA belong to the superfamily of Crp-Fnr transcription regulators. From their 
primary structure one can predict that both are [4Fe-4S] proteins which regu- 
late target genes by an oxygen-triggered disassembly-assembly mechanism as 
established for Fnr of E. colf^. 

The narK genes and their homologues encode transport proteins. The 
fact that there are two genes in R aeruginosa and R stutzeri {narKilnarKi and 
narKInarC, respectively) is interpreted to satisfy the need for nitrate uptake 
and nitrite efflux. Respiratory reduction of nitrate occurs at the inner side of 
the cytoplasmic membrane necessitating movement of nitrate and nitrite 
across the membrane in opposite directions. The transport of these oxyanions 
in prokaryotes has been reviewed^ ^ 

Respiratory nitrate reductases have been purified from R aeruginosa^^’ 

R stutzeri^^’ R fluorescens^^ , and “Rseudomonas denitrificans''^^ . Overall 

the enzyme properties are highly similar to those of the well-studied nitrate 
reductase from E. coli, which is also apparent in the considerable similarity 
in primary structure. Pseudomonads can also harbor a dissimilatory nitrate 
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reductase, which is encoded by the nap system and resides in the periplasm^^^’ 
Remarkably, in Pseudomonas sp. G-179 it is this enzyme which initiates 
denitrification^ ^ Thus, a nap mutant is unable to grow with nitrate under 
anaerobic conditions. A similar case for such a Nap function in denitrification 
(which, however, is not a generalized one) was found in strain IL106 of 
Rhodobacter sphaeroides^^ . The biochemistry and physiology of the Nap 
nitrate reductase system has been reviewed elsewhere^®^. 



5. NITRIC OXIDE HOMEOSTASIS, FORMATION 
AND REDUCTION OF A TOXIC METABOLITE 

NO in denitrifying bacteria is a reaction product and the substrate of res- 
piration at the same time. This is established from the identification and purifi- 
cation of the NO reductase complex, mutational inactivation of the norCB 
genes, demonstration of the buildup of a steady state concentration of NO dur- 
ing denitrification, and proof for the occurrence of NO in the environment^ 
The steady state concentrations of free NO during denitrification is in the low 
nanomolar range; for example, nitrate-denitrifying R aeruginosa develops a 
concentration of 1-2 nM NO^^. The bacterial cell must keep NO within nar- 
row limits of an obligatory cell metabolite and an undesirable toxic compound 
with reactivity toward multiple cellular systems. NO at 0.5 mM completely 
prevents the transcription of the operons for nitrite reductase {nirSTE) 
and NO reductase (norCB) in P stutzeri^^^ and even in denitrifiers, which 
are adapted to NO, the loss of NO reductase is a lethal event due to NO 
accumulation^^’ 

NO homeostasis is determined in denitrifying bacteria by NO production 
from nitrite and sink reactions involving NO reductase^^’ cytochrome-cZ?fe 3 
oxidase"^^, and flavohemoglobin^^^. A novel flavorubredoxin-type NO reductase 
may contribute to NO homeostasis and NO detoxification in many bacteria"^^, 
except the pseudomonads. The genomes of P aeruginosa, P fluorescens, 
P putida, and P syringae do not carrry orthologues of the norV gene encoding 
this type of reductase. 

NO reductase of the pseudomonads is a cytochrome-Z?c type enzyme. 
The cytochrome c subunit (NorC), whose heme-binding domain is periplas- 
mic, is thought to provide electrons from a periplasmic donor molecule to the 
catalytic cytochrome b subunit (NorB). The NO reductase genes are organized 
as a norCB operon. nirQ and norD are also required for an in vivo functional 
NO respiration but their roles are unknown^^^. The most remarkable feature of 
NO reductase of cytochrome cfe-type is its structural similarity with the cat- 
alytic subunit of heme-copper oxidases. Oxygen activation by this enzyme 
proceeds at a heme-Cu binuclear site, whereas NO reductase catalysis is based 
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on a heme-Fe binuclear site^^. No experimental evidence exists that NO reduc- 
tase would have proton-pumping properties. 

The enzymatic NO generators of denitrifiers are two types of respiratory 
nitrite reductases. They are found on an either/or basis in denitrifying bacteria 
without recognizable taxonomic pattern of dissemination. The nirS gene 
encodes the tetraheme cytochrome-c^/j nitrite reductase in R aeruginosa and 
R stutzeri. Cu-Nir has been found in R aureofaciens and Rseudomonas sp. 
G-179 as well as many other denitrifiers^^. The remarkable evolutionary 
dichotomy with respect to these two metalloenzymes extends also to the 
archaea. Ryrobaculum aerophilum harbors nirS^^ whereas Cu proteins 
have been isolated from halobacteria^^’ Crystal structures of both types 
of nitrite reductases have been determined (reviewed in ref. [93]). A study of 
nitrite reductase distribution, based on immunological cross-reactivity, has 
indicated that the Cu enzyme exists in more diverse environments than 
cytochrome . Efforts to determine the distribution of both reductases in 
natural habitats have advanced to specific DNA probes, real-time PCR, and 
in situ fluorescence hybridization. A verdict is not out yet whether a distribu- 
tional pattern can be rationalized with a selective advantage on a biochemical 
basis. However, these studies indicate that nitrite reductases are more diverse 
in nature than what is reflected in the frequently used laboratory strains^®^’ 
Cu-Nir has been isolated from R aureofaciens as an enzyme species largely 
depleted of type 2 Cu^^"^, but since Cu-Nir has not been studied further in 
pseudomonads the reader is referred to reviews covering this type of reductase 
in other denitrifying bacteria^^’ 

Inactivation of nirS results simultaneously in decreased NO reduction 
and a low level expression of NO reductase in R aeruginosa, R stutzeri, and 
R fluorescens^’ Complementation of a cytochrome-c^/i deficient mutant 
with nirK led to the finding that NO is a signal molecule for the induction 
of the denitrification apparatus^^’ Direct activation of gene expression by 
NO was shown for the nirK promoter of R. sphaeroides^^’ and subsequently 

established for a number of other NO-responsive promoters. NO is now 
viewed as the central signal molecule for the expression of the denitrification 
apparatus^^®. The effective concentration of free NO as an inducer for the tran- 
scription of the nirSTB and norCB operons of R stutzeri is in the range of 5-50 nM 
NO^^^. This NO concentration is close to that building up during steady state 
nitrate denitrification. 



5,1. Cytochrome-crfi Nitrite Reductase, 

the Best Studied Denitrification Enzyme 

Most of the work carried out on cytochrome cd^ made use of the enzyme 
from R aeruginosa, which is the best studied denitrification enzyme. 
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Cytochrome cdi was the first oxidoreductase of denitrification to be discov- 
ered. Biochemical and physiological studies established its function as a nitrite 
reductase for the denitrification process^"^^. The enzyme is structurally simple 
compared to cytochrome-c oxidase and may serve as a model for oxygen 
activation. Both cytochrome cdi and Cu-Nir exhibit some oxygen reductase 
activity. 

The crystal structure of cytochrome cdi was obtained first with the 
Paracoccus pantotrophus protein"^^. Because of taxonomic uncertainty 
the source organism was initially referred to in the literature as Paracoccus 
denitrificans GB17 or Thiosphaera pantotropha. The structure of the 
P aeruginosa enzyme was solved by molecular replacement techniques'"^. 
Cytochrome cdi is functionally a dimer where each monomer of about 60 kDa 
has two domains. The heme-^i domain consists in a striking P-propeller struc- 
ture with eight blades. We will find this structural motif with seven blades again 
in N 2 OR. Viewed end-on, heme di is located at the center of the propeller-like 
structure. The heme-c domain consists in a predominantly a-helical arrange- 
ment. Heme di binds nitrite and receives electrons from the heme c-binding 
domain. Nitrite reductase of P aeruginosa (but not of P pantotrophus) exhibits 
domain exchange, that is, the N-terminal “arm” of each heme-c domain of 
subunit 1 reaches over to its counterpart heme-^i domain of subunit 

The oxidized P pantotrophus structure is that of a resting enzyme. 
Reduction of this enzyme changes the His-His ligation of heme c to His-Met 
and releases Tyr25 from heme The Tyr25-region and associated ligand 
movement seems to be a peculiar case of P pantotrophus. The equivalent 
region is deleted in two strains of P stutzeri^^’ Mutation of TyrlO to phenyl- 
alanine of the P aeruginosa cytochrome cdi, which is topologically homolo- 
gous to Tyr25 of Paracoccus, does not affect the enzymatic and spectroscopic 
properties of the enzyme, excluding this residue from the catalytic pathway^^. 
Recently it has been shown that Tyr25 is not required by the P pantotrophus 
enzyme for catalysis. An engineered Tyr25Ser mutant is catalytically compe- 
tent and does not require a reductive activation step prior to the reaction 
cycle^^. The movement of the tyrosine residue must have therefore a rationale 
other than the initially proposed participation in catalysis. 

Cytochrome cdi is an excellent system to study the kinetics of intramol- 
ecular electron transfer between the two heme groups. Intramolecular electron 
transfer is controlled by an allosteric effect involving the two subunits and 
depending on the reduction state of the enzyme"^^. Electron donors for 
cytochrome cdi small cytochromes such as cytochrome c^si (the nirM 
product) or the nirC product^^. These donors take up electrons from the 
cytochrome-ZjCj complex. A cytochrome-Z^Cj mutant loses its ability to respire 
nitrite although catalytically active nitrite reductase is synthesized^^. Azurin 
also is a candidate for an electron donor but physiological evidence does not 
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Strongly support a role in nitrite denitrification. Rather, this low mass Cu pro- 
tein seems involved in stress response and in stationary phase survival 
though a dual role may also be the case. Recognition among electron transfer 
partners is suggested to proceed via a hydrophobic-patch interaction^"^"^. Not 
being highly discriminatory, this type of recognition provides a rationale for 
the interchangeability of several electron donors. 

5.2. Reductase Assembly and Heme-^i Synthesis 

The electronic spectrum of cytochrome cd\ is characterized by the long 
wavelength absorption band around 650 nm of heme and a weak Soret 
absorption maximum around 460 nm in addition to the heme-c absorption 
characteristics. The heme-(ii macrocycle is a 3,8 dioxo-17-acrylate- 
porphyrindione with a set of oxo, methyl, and acrylate substituents making it 
characteristic for denitrification and unique among the tetrapyrroles (Figure 5). 
The structure has been proven from chemical synthesis^^^. The distinct redox 
properties of heme are assumed to be due to the oxo groups in conjugation 
with the macrocycle. 

The assembly of cytochrome is a process of general biological sig- 
nificance. It consists in the translocation of the protein across the membrane, 
the concomitant or separate transport of the prosthetic groups into the 
periplasm, covalent binding of heme c, insertion of the noncovalently bound 
heme di, and folding of the protein into its mature form. A functional 
cytochrome cdx, carrying both types of heme groups, cannot be heterologously 
expressed from nirS alone. Expression of nirS in P. putida™, E. coli, or 
P. aureofaciens^^ yields in each instance semi-apocytochrome cdi with only 
heme c attached to the protein. Functions required for heme-t/j synthesis appar- 
ently are not provided by the heterologous hosts. Denitrification is dependent 
on increased cytochrome synthesis, requiring besides cytochrome cdi 
also several c-type cytochromes. A cytochrome c-deficient mutant of 
P aeruginosa^^^ loses its capability to grow anaerobically on nitrate. The bio- 
genesis of c-type cytochromes involves a multifunctional heme transport and 
heme lyase complex^^^ and it seems necessary that these cytochrome-c matu- 
ration functions act also on the cytochrome-c moiety of cytochrome cJj. 
Synthesis of holo-cytochrome cd^ needs in P stutzeri both the Sec protein 
transport system (for reductase export) and the Tat twin arginine system (for 
the NirD component of heme-Jj biosynthesis)^^. A knockout mutant in the 
TatC component of the Tat translocon synthesizes a semi-apocytochrome cdi 
without the heme-Jj cofactor. 

The necessary steps in the biosynthesis of heme di parting from 
precorrin-2 have been discussed previously^^^. They remain still largely 
unsolved in terms of reactions, underlying enzymes, and correlation with the 
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Figure 5. Precursor and product of heme-i/i biosynthesis. The sites of precorrin-2 that have to be 
modified, with exception of the desaturation step, are circled. Intermediates in the biosynthetic 
pathway as well as functions and sequence of action of nir gene products have to be established. 
Bottom part, nir gene clusters of pseudomonads harboring the functions for the biosynthesis of 
heme and maturation of cytochrome cd\. Homologous genes carry the same designations. The 
structural gene for cytochrome cJj, nirS, is shown in black. Several nir genes are presumed to 
function in reductase assembly. Heme-^^i synthesis is anticipated to be regulated anaerobically. 
Recognition motifs for a Crp-Fnr regulator sensing NO or anoxic conditions are found in the pro- 
moter regions of nirE and the nirM operon (nirMCFDLGH) of P. stutzeri and the nirS operon 
(nirSMCFDLGHJEN) of P aeruginosa. For further explanation see the text. 



nir gene products. The heme-^i pathway is assumed to comprise as intermediates 
precorrin-2 (dihydrosirohydrochlorin) and sirohydrochlorin. The nirE gene, 
which is part of the nir clusters (Figure 5), encodes an 5-adenosyl-L-methion- 
ine-dependent uroporphyrinogen III methyltransferase (EC 2.1.1.107). 
Mutagenesis of nirE results in a semi-apocytochrome cdi that lacks heme d\^. 
One can assume that NirE activity yields precorrin-2. Dehydrogenation of this 
intermediate results in sirohydrochlorin. 

In the branch of siroheme synthesis of E. coli the entire pathway 
from uroporphyrinogen III to siroheme is catalyzed by a multifunctional 
enzyme encoded by the cysG locus^'^^ The NirE proteins of P. stutzeri^^^ and 
P aeruginosa^^ are homologous to CysG, but lack its N-terminal domain 
which catalyzes dehydrogenation and Fe chelation. Analogous to CysG, the 
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nirF gene product has been initially claimed to be responsible for heme-^/i 
synthesis in R aeruginosa^^, but clearly a single protein is insufficient to 
accomplish the multiple steps necessary to convert precorrin-2 to heme di. 
This transformation requires at least the products of the entire nirD locus, 
nirFDLGH (Figure 5), as demonstrated with R stutzerf^. Mutations in this 
locus and several other nir genes result in the absence of heme di from the 
enzyme or in a dysfunctional cytochrome cdx^^ 

In addition to the enzymes for the synthesis of the macrocycle there is 
mutational evidence for further functions necessary for the assembly or matu- 
ration of cytochrome cdi. Mutation of the nirJ and nirN genes of R aeruginosa 
result in a Nir“ phenotype without preventing NirS synthesis^^. NirJ is similar 
to proteins of biosynthetic pathways for pyrroloquinoline quinone (PqqE/ 
Pqqlll/Pqq), the Mo cofactor of nitrogenase (NifB), and molybdopterin 
(MoaA). Like NirE, NirJ is a member of the SAM family of 5-adenosyl 
methionine-dependent enzymes utilizing a radical mechanism^^'^. The NirS 
protein synthesized in a nirJ mutant is reactivated in cell extract by adding 
heme d^^^. Therefore, a distinct maturation step does not proceed in a NirJ~ 
background or the loss of a biosynthetic reaction catalyzed by NirJ leads to a 
macrocycle intermediate that is not incorporated into apocytochrome cd^. 

NirN is a heme protein which has similarity with NirS and is related in 
its heme c-binding domain to NirC^^^. The soluble protein is located in the 
periplasm since an 18-amino-acid signal peptide is cleaved from the precursor 
protein^^. The nirN mutant has even residual in vivo activity. NirF shows also 
similarity with NirS, however, it lacks the heme c-binding domain of 
cytochrome cd^ or NirN. The cellular location of NirF is unknown. The 
similarities of NirF and NirN with NirS point to a scaffold function in heme-Ji 
synthesis or heme export. A proper heme-^i transporter has not been 
identified but seems required given the evidence from tat mutagenesis with 
R stutzeri, which discards the possibility that a folded apocytochrome cdi 
could serve as carrier for heme d^. Finally, the nirQOR operon affects matura- 
tion of cytochrome cd\ or its in vivo function without preventing synthesis. 
The nirO product is structurally related to the subunit III of cytochrome-c 
oxidase. A nirQ^ strain R aeruginosa, lacking the nirQ operon, has an about 
20% decreased growth yield per molar electron consumption^. 

5.3. Master Regulators of Denitrification 

Denitrification is expressed in the absence or at a lowered tension of 
oxygen when simultaneously an N-oxide is present. Genes encoding denitrifi- 
cation regulators, termed dnr, dnrD, or nnrR, were found on sequencing the 
regions downstream of the nor operons of R aeruginosa^, R stutzeri^^^' and 

Rseudomonas sp. G-179^^ The Dnr and NnrR regulators are structural and 
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functional homologues of the Crp-Fnr superfamily which have evolved into 
two clearly separate branches^^. Members of the Dnr branch are Dnr of 
R aeruginosa, DnrD of R stutzeri, Nnr of R denitrificans, and others (some 
even termed Fnr), whereas the second branch harbors the NnrR regulators of 
Rseudomonas sp. G-179, R. sphaeroides, Bradyrhizobium japonicum, and 
others, and also Dnr of Alcaligenes faecalis S-6 and Nnr of R. sphaeroides 
IL106. The confusing nomenclatorial situation is due to historical reasons and 
asks for being amended. 

The NO sensory pathway mediated by the Dnr and NnrR factors is an 
important element in the formation of the apparatus for nitrite denitrification. 
They are responsible for maintaining NO homeostasis and for achieving under 
anaerobic conditions the coordinate expression of the principal enzymes for 
nitrite and NO metabolism (Figure 6). Knockout mutagenesis of these regula- 
tory genes in R aeruginosa and R stutzeri shows that they are necessary for the 
transcriptional control of the nirS, norC, and nosR operons. 

NnrR controls transcription of nirK. The regulator has been investigated 
nearly exclusively in R. sphaeroides^^^ . NnrR was shown to be involved in the 
NO response to establish nitrite respiration in this phototroph. A distinguish- 
ing feature of an NnrR factor is a histidine substitution for the glutamate in the 
E-SR sequence of the DNA-recognition helix. A genuine NnrR factor is asso- 
ciated with the nirK gene of Rseudomonas sp. G-179^^ There seems to be a 
specificity of Dnr and NnrR regulators acting on the nirS and nirK promoters, 
respectively (Figure 6). 

All Dnr and NnrR target promoters carry partially palindromic motifs 
that are similar to the E. coli Fnr box, TTGAT-N4-ATCAA. The center of this 
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Figure 6. Signal molecules, signal transduction pathways, and regulators of denitrification. The 
interaction of the signaling gases with the regulators is not proven experimentally and may also 
be of indirect nature. Lower case “p” denotes a target promoter. For details on the NosR regulator 
see Section 6.4.1. 
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regulatory motif is located at -40.5 to -43.5 of the transcript start. Promoters 
of this type belong to class II where the activator makes contact promoter- 
proximal to the P-subunit of RNA polymerase, overlapping the -35 promoter 
element, and promoter-distal with the C-terminal domain of the 
a-subunit^^. Direct binding of a Dnr factor to target DNA has not been shown, 
but is strongly suggested from mutational evidence with the nirS and norC 
promoters of P. denitrificans^^^ dnrD of R stutzeri is organized as a 
dnrNODP operon which is activated in response toward 

The question of how Dnr and NnrR regulators are converted to active 
transcription factors is not solved. Constitutive overexpression of dnrD in 
P stutzeri is insufficient to activate DnrD-dependent target promoters unless 
the N-oxide signal is also provided^^^. This argues for the necessity of DnrD 
activation by NO and the existence of interconvertible active and inactive 
states. The mechanism of activation seems to be of a general nature, since the 
homologous denitrification regulator of P denitrificans expressed in E. coli 
can be activated by an NO donor^^ 



6. NITROUS OXIDE REDUCTASE AND 
ASSEMBLY OF ITS COPPER CENTERS 

N 2 OR transforms nitrous oxide to N 2 as the last step of a complete den- 
itrification process. The soluble, periplasmic enzyme provides an electron 
sink for energy conservation with proton translocation being associated with 
the constitutive coupling complexes of the aerobic respiratory chain^^’ 

P stutzeri and other denitrifying bacteria can grow with N 2 O as the sole elec- 
tron acceptor, that is, N 2 O reduction represents a respiratory process in its own 
right. P aeruginosa is a complete denitrifier and disposes over all enzymes, 
but does not grow on exogenous N 2 O. This is due to a requirement of NO as 
the inducer of the nos operon and for the synthesis of N20R^. Bacteria are also 
known that respire N 2 O without being denitrifiers, substantiating in this way 
the self-sustaining nature of N 2 O respiration^’ 

6.1. Nitrous Oxide Reductase 

N 2 OR is a homodimeric Cu-containing protein with two metal centers 
Cua and Cu^, representing the electron transfer and catalytic site, respectively. 
The enzyme exists in several forms distinguished by their redox and spectro- 
scopic properties. The purple species or type I reductase represents the cat- 
alytically most active form of P stutzeri. Form I exhibits in the resting state 
an absorbance maximum around 540 nm with a shoulder at 480 nm, a low 
intensity band at 350 nm, and a broad band around 780 nm. On addition of 
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dithionite the enzyme turns blue and becomes catalytically incompetent 
(form III). In contrast a blue enzyme from R nautica resulting from an aerobic 
isolation procedure is catalytically active. It is this form of which the first 
crystal structure of an N 2 OR has been obtained^^. 

The N-terminal domain comprises about 450 amino acids and forms 
a seven-bladed (3-propeller (Figure 7A). The catalytic site, Cu^, resides at the 
solvent-oriented site of the central channel of this propeller. The C-terminal 
domain carries Cua and has the cupredoxin fold of azurins. The domain con- 
sists in about 130 amino acids and is joined with the catalytic domain by a 
linker peptide of low positional conservation^^. A protein monomer harbors in 
addition to six Cu atoms two calcium atoms and a chloride ion^^. The calcium 
atoms are involved in dimer formation together with a number of Cu-binding 
residues at the monomer-monomer interface^"^. The two subunits are tightly 
coupled because of domain exchange between them. The latter brings the two 




His325 His270 




Met572 Cys561 His79 His128 

Figure 7. Structures of nitrous oxide reductase and its Cu centers. (A) Crystal structure of N 2 OR 
from R nautica. Atomic coordinates are from the Protein Data Bank file IQNf^; the structure 
is drawn with MolScript v2.r'^. Locations of the calcium and chloride ions are not shown. 
(B) Structure of the binuclear Cua site representing the electron entry site. (C) The tetranuclear 
Cuz center representing the catalytic site. 
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Cu centers of the enzyme within ~ 10 A, which is much closer than their intra- 
subunit distance of ^^40 A. Such a large distance would be unsuitable for rapid 
intramolecular electron transfer. 



6.2. Cua, a New Type of Copper Center in Proteins 

The nature of the Cua center has been correctly deduced from a combi- 
nation of biochemical, spectroscopic, and genetic approaches (Figure 7B) 
(evidence summarized in ref [22]), The candidate ligands of the Cua center 
were identified from site-directed mutagenesis of N 2 OR. They correspond to 
the two cysteines, two histidines, and one methionine predicted as ligands 
from comparative sequence analysis of N 2 OR and the subunit II of 
cytochrome-c oxidase. Whether or not the Cu pair in the Cua center would be 
bridged by the cysteines, remained open until a crystal structure of a Cua pro- 
tein was obtained, which resolved this question in favor of a doubly cysteine- 
bridged structure^"^^. The crystal structure also revealed a carbonyl group from 
a main peptide chain glutamate as a Cua ligand, which is provided by a tryp- 
tophan in N 2 OR. The Cua ligands are conserved in the primary structure of 
N 2 O reductases and cytochrome-c oxidases, spanning biology from prokary- 
otes to man. The hyperfine structure of the EPR spectrum of N 2 OR is well 
resolved both at low and high field and is the result of a mixed-valence 
interaction of two neighboring Cu atoms^^. The unraveling of the binuclearity 
of Cua of N 2 OR by spectroscopic techniques has been a key element for 
recognizing the same structure in c}4ochrome-c oxidase^’ 

6.3. Cuz, the First Biologically Active Cu-S Center 

The basic structure of the catalytic center, Cuz, is a jjL 4 -sulfide-bridged 
tetranuclear Cu cluster (Figure 1C). The Cu-S bond lengths are all around 
2,3 A; the Cul-S-Cu2 angle is about 161°. The Cu-Cu distances are slightly 
unequal with Cul being more distant from Cu atoms 3 and 4, than Cu2 from 
its neighboring Cu atoms. The primary structures of N 2 OR from different 
sources show a high degree of conservation particularly around the ligands 
required for binding the two Cu centers. A remarkable conservation of multi- 
ple histidine residues was observed in the first feasible sequence comparison 
of N20R^^^. From a later alignment of eight sequences five conserved regions 
were filtered out, which carried eight conserved histidines (positions 129, 130, 
132, 178, 326, 382, 433, and 494 of R stutzeri). This indicated the contribution 
of multiple histidines to the coordination of Cuz. Further it was suggested 
from site-directed mutagenesis that His494 is ligand to Cuz^^. 
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The crystal structure revealed that all conserved histidine residues, 
except His 132, are indeed ligands of Cuz. The equivalent R nautica residue to 
R stutzeri His494 was shown to be ligand to Cu4^^. Since Cul and Cu4 are 
bridged by a hydroxyl or water molecule it is thought that this entity can 
be replaced by N 2 O, to make the Cul-Cu4 edge the substrate-binding site. 
N 2 O is suggested to be oriented with the oxygen atom toward Cul. The 
purpose of the CU 4 -S cluster is to facilitate a two-electron reduction of N 2 O. 
One electron is derived from Cu4, whereas the other comes from Cu2 via 
a Cu2-S-Cul a/a superexchange pathway^"^. 

Because of its unprecedented multinuclear nature, spectroscopic 
methods were not equally successful in predicting the Cu^ site as compared to 
Cua- However, the accumulated spectroscopic evidence for sulfur coordination 
and, at the very end, chemical analysis contributed essential findings that led 
to the elucidation of Cu^ as the first biologically relevant copper-sulfide clus- 
ter^’ Resonance Raman and magnetic circular dichroism spectroscopy had 
indicated a highly covalent Cu thiolate site in form III of N 20 R^’ The sit- 

uation remained puzzling, however, since mutagenesis of the single conserved 
cysteine outside the Cua domain only destabilized but did not inactivate 
N 20 R^^. Also homologous cysteine residues were missing, or would have to 
be positionally shifted, in the N 2 OR sequences of ''Achromobacter cyclo- 
clastes'’^^ and R nautica^^^. In the chain of reasoning for a Cu-S site the engi- 
neered Cys622Asp mutant of R stutzeri N 2 OR proved pivotal. This mutant had 
lost the Cua site due to the substitution of one liganding cysteine and allowed 
the selective investigation of Cu^. The resonance Raman properties of the 
mutant protein showed a Cu-sulfur interaction, which was proven by ^"^S-label- 
ing of wild-type N 2 OR. Lacking a conserved cysteine for Cuz, the enzyme was 
analyzed for sulfur, which revealed the stoichiometric presence of one inor- 
ganic sulfide per enzyme monomer. Inorganic sulfide was likewise detected in 
N 2 OR of R pantotrophus^^^ . A high-resolution x-ray analysis of N 2 OR of 
R denitrificans established then the CU 4 -S structure which was also confirmed 
for the R nautica enzyme Initially the x-ray structure of N 2 OR had revealed 
a tetranuclear CU 4 -O cluster as the catalytic site^^. Overall, it lasted nearly two 
decades from the discovery of the enzyme until the basic structure of the 
catalytic center of N 2 OR was established. Recently it has been pointed out that 
the blue enzyme form, of which the crystal structure has been obtained, has a 
modified catalytic center, Cuz*^^^. Magnetic circular and optical circular 
dichroitic properties of the blue form from dithionite reduction are clearly dif- 
ferent from the blue form resulting from aerobic enzyme purification. The 
structural basis of this aspect of the enzyme is still insufficiently resolved. 
Cuz* forms have been generated also by modifications of the distal liganding 
histidine, His583, and the bridging cysteine, Cys622, of the Cua center^^. This 
and several other observations point to an interaction of the Cua and Cuz 
domains which may be responsible for the observed spectral changes. 
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6.4. Enzyme Maturation 

The assembly of the conjugated Cu-S center at the catalytic site has 
become an intriguing question. N 2 OR was among the proteins for which a 
requirement of ancillary proteins catalyzing metal insertion was deduced early 
from genetic evidence^^^. Important elements in this process are the nature and 
availability of a metal donor, the site of synthesis of the metal center, and 
ancillary components for protein folding and metal insertion. Cu homeostasis 
of the bacterial cell has to balance metal requirement for N 2 OR (and other vital 
Cu proteins) and metal toxicity. Therefore, Cu for N 2 OR is processed along 
strictly regulated pathways, presumably beginning with a porin at the outer 
membrane, and followed by targeting of Cu to acceptor or chaperone proteins 
before inserting the metal into the apoenzyme. 

N 2 OR biosynthesis has been studied mostly with R stutzeri. The enzyme 
is located in the periplasm where Cu is inserted into the apoenzyme. Evidence 
for N 2 OR location comes from immunogold labeling together with electron 
microscopy and from cell fractionation. N 2 OR is exported by the Tat system; 
the enzyme precursor thus carries the Tat specific signal peptide with a twin 
arginine motif N 2 OR, retained in the cytoplasm by mutating an arginine of 
the signal peptide or by inactivating the principal transport gene, tatC, is syn- 
thesized in each case as the apoprotein only. That is, the maturation of N 2 OR 
is a post-translocational process. 

6.4.1. Components for Cuz Assembly 

An in silico survey reveals a consistent association of nosZ with the 
nosR gene. A nosR insertion mutant of P. stutzeri lacks nosZ transcript, which 
supports a trans-diCimg function for NosR^^’ The synthesis of NosR is 
under the control of DnrD, which is consistent with the presence of cognate 
recognition motifs, although in noncanonical distances to the transcription 
start site^^ nosZ of P. stutzeri has a monocistronic transcript which is 
expressed from six promoters. Anaerobic expression occurs preferentially 
from promoter P3, whereas the weak constitutive expression of the enzyme in 
aerobic cells is likely to depend on promoter While NosR is essential 
for nosZ transcription in P. stutzeri, the nos gene cluster of P. aeruginosa is 
transcribed under the control of Dnr from the nosR promoter^. 

The NosR protein (81.9 kDa) has the architecture of a transmembrane- 
functioning or -signaling protein with a modular five-domain structure extend- 
ing to either side of the cytoplasmic membrane. Almost half of NosR consists 
of a periplasmic domain of about 400 amino acids. The C-terminal cytoplas- 
mic domain includes two ferredoxin-like [4Fe-4S] cluster-binding motifs and 
two further potentially metal-binding motifs, CxxxCP, in two cytoplasmic 
loops^^’ Elucidating the structure of NosR is an important objective as this 
will contribute to an understanding of a wider range of physiological systems. 
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NosR is a member of a multidomain protein family exhibiting the same 
metal-binding features. A rearranged domain organization is typical for the 
potential FeS proteins RdxA, RdxB, and CcoG from R. sphaeroides^^’ 
and FixG from B. japonicum^^^ . RdxA is assumed to have an oxidoreductase 
function. rdxB, fixG, and ccoG form each part of a four-gene cluster whose 
products are involved in the biogenesis and/or stability of the cfe/j^-type oxi- 
dase in the respective bacteria. CprC of Desulfitobacterium dehalogenans, 
another member of this family, is involved in expressing components for 
halorespiration^^^. In R denitrificans the NosR orthologue Nirl is required for 
nir gene expression^ 

The biosynthesis of N 2 OR with a functional Cu^ center requires an 
assembly complex encoded by genes nosDFY which are located downstream 
of nosZ and form part of the nosRZDFYL gene cluster (Figure 2). Topological 
information is available from lacZ fusions which revealed that NosF is a cyto- 
plasmic component^ ^ The nosD gene encodes a hydrophilic protein with 
a signal peptide. It belongs to a large family of P-helix proteins with carbohy- 
drate-binding and sugar hydrolase domains^^. The functional significance of 
these features is not clear. The nosY product is highly hydrophobic and repre- 
sents an integral membrane protein with six transmembrane helices and no 
significant hydrophilic domains. An a-helix content of over 50% is indicated 
from tertiary structure prediction. The general arrangement at and on both 
sides of the cytoplasmic membrane of this three-component assembly com- 
plex, and the ATPase activity of NosF, which has been demonstrated recently, 
are similar to bacterial ABC transporters^^’ 

Inactivation of any protein of the NosDFY complex leads to an N 2 OR 
without the Cu-S site and a correspondingly lower Cu content. The fact that 
NosD, -F, and -Y proteins fulfill essential roles in the maturation process is 
revealed by studying expression of nosZ in the nondenitrifying R putida. When 
nosZ and nosR are provided in trans to R putida, it synthesizes a CuA-only pro- 
tein. However, when nosDFY are coexpressed, an active N 2 OR holoenzyme 
with a fully assembled Cuz center is synthesized in the same heterologous 
background^"^^. A role for NosDFY in the assembly of the Cu-S cluster is 
strongly indicated and its function is more likely in the provision of sulfur than 
of Cu. N 2 OR maturation and Cu center assembly is assumed to comprise the 
following events (Figure 8). APO-N 2 OR is exported prior to and independent 
of cofactor insertion by the Tat secretion pathway to the periplasm. Pathways 
for Cu insertion and sulfur donation converge in the periplasm for Cu-S clus- 
ter formation to form holo-N20R. Sulfur is thought to be provided from a 
cytoplasmic source through the action of the NosDFY ABC transporter sys- 
tem. Cua can be reconstituted into the apoprotein from exogenous Cu, whereas 
attempts in that direction have failed for Cuz which can be rationalized by the 
lack of a sulfur source. Cu from the medium may pass through NosA or 




Denitrification by Pseudomonads 



215 




Cytoplasm 



Figure 8. Components and topology of the assembly process for the Cu centers of N 2 OR. Single 
uppercase letters indicate the products of nos genes. Numbers give the approximate protein masses 
in kDa. Cu-containing proteins are labeled as such. N 2 OR (NosZ) is shown in its dimeric state; 
otherwise no inferences about stoichiometries of protein complexes are drawn. N 2 OR is exported 
by the Tat translocon by cleaving the 5-kDa signal peptide. Tat composition is not detailed other 
than to show the supportive role of TatE for N 2 OR export. NosF has ATPase activity. (S) is a sul- 
fur donor of unknown chemical nature. NosL is shown with a lipid anchor. Cu may enter the 
periplasm via NosA or another porin, depicted to the left of NosA. The membrane-bound NosR, 
which is required for nosZ expression, is shown with its large periplasmic domain and a cytoplas- 
mic metal-binding (Me^'*') domain. NosX is not a genuine Pseudomonas protein but may have 
a functional substitute. For further discussion see the text. 



another cation permeable pore and is delivered to the site of Cu cluster bio- 
synthesis by a Cu chaperone, for instance, NosL. C-terminal proteolytic 
processing of N 2 OR, similar to that of hydrogenase for Ni incorporation, 
does not take place since the experimentally determined mass deviates only by 
41 Da from the predicted mass of mature N20R^^. 

6. 4. 2. Auxiliary Factors 

In addition to the obligatory NosDFY assembly complex, several 
more components may take part in Cu center assembly and enzyme matura- 
tion (Figure 8), but have no indispensable function or are replaceable by 
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bifunctional cell components exerting a rescue function. ScoP is a likely ancil- 
lary factor for Cu processing^"^^. The homologous yeast protein, Scol, is 
involved in Cua assembly of cytochrome-c oxidase. In Bacillus subtilis its 
homologue, YmpQ, affects the cytochrome-c oxidase but not menaquinol 
oxidase, thus favoring a role in Cua synthesis^^. Scol homologues have a 
conserved CxxxCP motif and a histidine residue, which are important for Cu 
binding^^. Furthermore, the soluble domain of the Scol homologue PrrC from 
R. sphaeroides has thiol-disulfide oxidoreductase activity which can be used 
for Cu mobilization^^. Indeed, each of the sequenced genomes of nosZ- 
harboring bacteria carry a Scol homologue. 

The nosX gene is necessary for N 2 O utilization by Sinorhizobium 
melilotf^ and E denitrificans^ but is not part of nos clusters of R stutzeri and 
R aeruginosa (Figure 2). It has been suggested that the NosX phenotype is an 
altered or missing Cua center. NosX proteins share limited sequence similar- 
ity with RnfF^^ which, in turn, shows sequence similarity with the lipoprotein 
ApbE. The rnfF gene complements an apbE mutant of Salmonella enterica^^, 
which suggests that NosX and ApbE may be functionally interchangeable 
members of the same protein family. This then could explain a substitute func- 
tion for nosX in the pseudomonads. ApbE has a function in FeS cluster metab- 
olism directed at ThiH which is a putative FeS protein involved in the 
biosynthesis of thiamine^^^ The NosX protein is predicted to be periplasmic 
because of a signal sequence with features for Tat targeting^ 

A current total of 16 individually analyzed denitrifiers and entire 
genomes show in each case a conserved nosDFYL sequence^"^^. nosL is 
co-transcribed with the assembly genes in R stutzeri and R aeruginosa, which 
favors for the nosL gene product a function related to N 2 OR maturation. NosL 
has the features of a lipoprotein of the outer membrane^^. It was purified from 
‘'A. cycloclastes'' as a Cu-containing protein and may provide a metallochap- 
erone role with the putative function to deliver Cu to N20R^^. NosL binds 
specifically and stoichiometrically one Cu(I) atom per molecule. The Cu(I) 
site is remarkably stable to oxygen, while the Cu(II) form of NosL has little 
affinity for Cu and releases the metal. Nonetheless, NosL is not obligatory 
for N 2 OR maturation. NosL proved to be a nonselectable marker and an 
engineered nosL mutant of R stutzeri lacks a recognizable phenotype^^. 

A further maturation component was identified in R stutzeri JM300 in 
the form of the outer membrane protein NosA. It was initially thought that 
NosA inserts Cu into N 2 OR, but rather it may be part of a Cu-ion or Cu-chela- 
tor uptake system^^. The repression of nosA by 5 jxM Cu is indicative of such 
a function. NosA has a high content of hydrophobic amino acids which may 
form (3-sheets traversing the membrane as a pore. Certain nosA mutations are 
remedied by exogenous Cu, which hints at a further component acting in 
concert with NosA. The homologue of NosA in R aeruginosa is OprC with 65% 
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sequence identity^^^. The oprC gene maps at a locus not linked to the denitri- 
fication gene clusters^^^. NosA/OprC proteins form voltage-gated channels 
with a slight preference for Cu and have been reported to bind 1-3 Cu atoms. 
The spectral properties of these proteins and mode of Cu binding are not 
known. A specific role for NosA in N 2 OR biosynthesis could not be estab- 
lished^"^^. NosA homologues are present in the nondenitrifying bacteria 
Yersinia pestis C092, R putida KT2440, and R fluorescens PfD-1 arguing 
against a solely N 20 R-related function. 



7. VARIATIONS ON THE Pseudomonas THEME 

The principal aspects of denitrification described here for R stutzeri and 
R aeruginosa are to a large extent valid for other cytochrome ctij -carrying 
denitrifiers. The denitrification system of R denitrificans has been equally 
well investigated and contributed important advances to the field^. A differ- 
ence between the two genera may exist in the onset of denitrification which 
seems not to depend in R denitrificans on a NarXL two-component regulatory 
system but rather on the nitrate-responsive Crp-Fnr regulator, NarR^"^^. 
kXXhovi^R aureofaciens dxid Rseudomonas sp. G-179 are representatives with 
Cu-containing nitrite reductases, the model organism for this variant of deni- 
trification has been R. sphaeroides. 

The cytochrome cZ?-type NO reductase shows outside of the 
pseudomonads two variations in its electron acceptor domain. Remarkably, 
Bacillus azotoformans carries a Cu^ center^ which brings the number of 
known CuA-carrying enzymes to three. R. eutropha has a monomeric quinol- 
dependent NO reductase which is under the control of an NtrC-type regula- 
tor^® ^ NO reductases show up also in nondenitrifying bacteria, which asks for 
a physiological explanation for their presence and identification of the source 
of NO. An important structural variant is known for N 2 OR from Wolinella 
succinogenes where a heme domain is fused to the enzyme However, in 
spite of all these modifications the catalytic domains of the respective enzyme 
groups exhibit the same basic structure. 

In the rhizobia, oxygen-sensing for denitrification expression is exerted 
by the heme-based FixLJ two-component regulatory system and, in addition, 
involves regulators belonging to the Crp-Fnr superfamily^®. Another interest- 
ing aspect is nitrate taxis of denitrifying bacteria, which is affected in 
R. sphaeroides by a heme-copper protein encoded within the denitrification 
gene cluster. Nitrite reductase expression in this bacterium requires not only 
the NO-responsive regulator, NnrR, but also the two-component PrrBA 
system, which functions otherwise in the expression of the photosynthetic 
apparatus^®’ Since much of the biochemical, structural, and genetic basis 
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of denitrification is known now in several model organisms, the field is 
broadening at the organismic side and is shifting more and more to aspects 
of how this anaerobic respiratory system is embedded in the metabolic and 
regulatory network of the cell. 
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The aim of this review is to summarize our current understanding of the 
anaerobic respiration of 2,4,6-trinitrotoluene (TNT) by a pure bacterial culture 
of Pseudomonas sp. JLRll from a physiological and biochemical point of 
view. The article consists of four main sections. Section 1 presents background 
issues related to TNT pollution and a brief description of TNT metabolism by 
certain strict anaerobes. Section 2 describes a bacterial strain belonging to the 
genus Pseudomonas, isolated for its capability to use TNT as an N-source. 
This section also deals with enrichment methodologies. Section 3 examines 
anaerobic respiration as an emerging new biochemical process, and describes 
details of the physiological system. Section 4 is devoted to biotechnological 
applications of anaerobic TNT respiration by Pseudomonas sp. JLRl 1 and its 
role in bioremediation. Some general considerations are also discussed. 



1. INTRODUCTION 

TNT degradation has attracted the attention of many scientists in the last 
decade, probably because a number of Environmental Protection Agencies 
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have declared TNT a pollutant whose removal is a priority. TNT is a major 
contaminant in many military sites and explosives manufacturing factories, 
where production and decommissioning operations generate large quantities 
of this explosive as a waste product^^. Much of this waste is deposited in the 
soil and in unlined lagoons from which it can reach groundwaters through 
leaching^"^. Nitroaromatic compounds are true xenobiotic chemicals since a 
few different natural nitroorganic compounds have been described so far. In 
addition, the number and location of the nitro groups on the TNT ring prevent 
attack by classical dioxygenases involved in the degradation of aromatic com- 
pounds'^^. Furthermore, electrons from the aromatic ring of TNT are removed 
by the electronegative nitro groups, a process that makes the nucleus elec- 
trophilic. The nitro group consists of two different, highly electronegative ele- 
ments, of which oxygen is even more electronegative than the nitrogen atom; 
hence the N-0 bond is polarized. The partially positive charge of the nitrogen 
atom combined with its high electronegativity makes the nitro group easily 
reducible'^^. Reduction of nitro groups on aromatic rings is widely distributed 
among living organisms; the process often involves the successive addition of 
two electrons to the nitro group on TNT to yield the corresponding nitroso, 
hydroxylamino and amino derivatives. TNT is toxic for many prokaryotes and 
eukaryotes, and it is mutagenic in Salmonella enterica serovar Typhimurium^’ 
48 , 57 - 60, 64 Complete reduction of the nitro group to an amino group seems to 
decrease the mutagenic effect of the compound^^’ whereas nitroso and 
hydroxylaminodinitrotoluenes make nitroaromatic compounds toxic because 
they react easily to other biological molecules^’ 

Therefore, TNT remediation is needed to clean up contaminated sites and to 
remove this toxic and potential mutagenic compound. Although a number of 
in situ and ex situ studies for the bioremediation of TNT have been reported^^’ 
15 , 17 , 39 , 49 ^ intrinsic toxicity of TNT can prevent site restoration. 

A number of studies have found that mineralization of TNT under aero- 
bic conditions is limited if it occurs at all^^’ In addition, many aer- 

obic microbes reduce the nitro groups on the aromatic ring to nitroso and 
hydroxylamino groups, which have a high propensity to react with each other 
in the presence of oxygen to produce azoxynitrotoluenes^^. These azoxynitro- 
toluenes are recalcitrant to bioremediation. Degradation of TNT under anaer- 
obic conditions has been explored as an alternative approach to remediation^^’ 
18 , 19 , 27 , 36 , 39 , 40 , 47, 55 process has the potential advantages of rapid reduc- 
tion at a low redox potential and diminished polymerization reactions due to 
the absence of oxygen^^’ 

Two genera have been extensively studied because of their anoxic 
metabolism of TNT: Clostridium and Desulfovibrio. The ability to reduce TNT 
anaerobically is a general phenomenon among Clostridium species^’ In cell 
suspension assays with clostridia, reduction of the nitro group resulted in the 
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production of TAT and other products, some of which remain unidentified. 
Boopathy and Kulpa^ and Preuss et al.^ isolated strains of the genus 
Desulfovibrio that seemed to use TNT as the sole nitrogen source under sulfate 
reducing conditions. These strains were also suggested to catalyze the com- 
plete reduction of TNT to TAT. The authors above hypothesized that the reduc- 
tive elimination of the amino groups from TAT occurs by a mechanism 
analogous to the one described by Schnell and Schinck^^ for aniline. However, 
the mechanism by which the amino groups are released, and the fate of 
ammonium metabolism by these anaerobes, remain elusive. In contrast, 
Hawari et al?^ proposed TAT to be a dead-end product in anaerobic treatments, 
since in sludge plants TAT reacted with itself to form its azo derivatives^^. 

2. ISOLATION OF A Pseudomonas STRAIN 
THAT USES TNT AS THE FINAL ELECTRON 
ACCEPTOR 

One of the problems in the use of strict anaerobes is their relatively slow 
growth rate compared to aerobic bacteria. An alternative is the use of facultative 
microorganisms which are versatile in their adaptation to different oxygen con- 
ditions and usually grow faster than strict anaerobes if provided anoxic condi- 
tions with the appropriate electron acceptors for the respiratory chains. To search 
for such microorganisms we set up an enrichment method to isolate bacteria able 
to use TNT under anoxic conditions'^. All enrichments were carried out under 
an argon atmosphere using culture media supplemented with TNT as the sole 
N-source and with different C-sources. The microorganisms were obtained from 
different sites including soils polluted with TNT, herbicides and wastewaters 
from different sources. Samples were incubated for several days at 30°C and 
diluted 20-fold in the same culture medium. This procedure was repeated several 
times. Growth during enrichment was followed turbidometrically. We found that 
the only successful enrichment grew with glucose as the C-source; and the 
source of microorganisms was water from a wastewater treatment plant in 
Granada. In general, we observed that a 20-fold dilution of this enrichment 
culture in M9 minimal medium with glucose as the C-source and TNT as the 
sole N-source reached a turbidity higher than 0.3 in 3-7 days. This enrichment 
culture was spread on plates. A single type colony was found and microbial char- 
acterization revealed that it belonged to the genus Pseudomonas^^ . Based on 
microbiological tests, partial sequencing of the gene encoding the 16S rRNA 
and fingerprinting with species-specific primers based on Repetitive Extragenic 
Palindromic (REP) sequences, the strain was assigned to the species 
Pseudomonas putida^. In addition to TNT, the strain is able to use nitrate, nitrite 
and ammonium as an N-source under anoxic conditions'^. Mass balances with 
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TNT have revealed that about 80% of the total nitrogen in TNT was incorporated 
as cell biomass^^. Utilization of TNT as an N-source probably involves the 
removal of the nitro groups and the release of nitrite, which in turn is reduced to 
ammonium ions. At present there is no evidence for the enzyme(s) involved in 
TNT denitration. Cell extracts of P. putida strain JLRl 1 grown anoxically in 
TNT showed nitrite reductase activity (A. Esteve-Niinez, unpublished), which 
suggests that this enzyme is responsible for the reduction of nitrite to ammonium 
ions. Ammonium is incorporated into C-skeletons via the glutamine synthetase/ 
glutamate synthase (GS/GOGAT) pathway (Figure 1). 

The isolation in our laboratory of three Tn5 mutants of JLRl 1 unable to 
grow on TNT as the N-source supports the existence of such a pathway. One 
mutant was affected in the in vivo reduction of nitrite to ammonium, and the 
other two mutants exhibited knockouts in the small and large subunits of 
GOGAT (Caballero, Esteve-Nunez and Ramos, unpublished results). The fate 
of the C in TNT in R putida JLRl 1 remains to be elucidated. Analysis of the 
culture supernatants pointed toward the presence of potential pathway inter- 
mediates lacking nitro groups, for example, 2-nitro-4-hydroxybenzoic acid, 
4-hydroxybenzaldehyde and 4-hydroxybenzoic acid (Figure 1). The conver- 
sion of TNT to these compounds requires not only the removal of the nitro 
groups, but also the oxidation of the lateral methyl group of TNT to the 
corresponding aldehyde and carboxylic acid. In assays with [^"^C]TNT, only 
1% of the radioactivity was detected as^^C02 but 45% was associated to 
trichloroacetic acid-precipitable cell material. 




Figure 1. Scheme showing the coupling of electron donor compounds, TNT oxidoreduction, ATP 
synthesis and assimilation of nitrogen from the TNT ring by R putida JLRl 1. 
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3. PHYSIOLOGICAL BASIS FOR 
TNT RESPIRATION 

The first evidence that TNT can be used as an alternative electron 
acceptor in respiratory chains came from a series of assays in which different 
compounds were tested as the sole C-sources^^ In these assays it was found 
that R putida strain JLRl 1 grew on minimal medium with acetate as an elec- 
tron donor and TNT, regardless of the presence of ammonium ions in the culture 
medium (Table 1). The oxidation of acetate under anoxic conditions required 
an electron acceptor, a role that could only be played by TNT in this series of 
assays. Since strain JLRl 1 reduced a fraction of the total TNT to monoamino- 
dinitrotoluenes and diaminomononitrotoluenes, and these products accumulated 
with time, Esteve-Niinez and Ramos^^ hypothesized that the reduced forms of 
TNT were produced by Pseudomonas sp. strain JLRl 1 when TNT acted as 
a final electron acceptor in respiratory chains under anoxic conditions 
(Figure 1). Further support for the role of TNT, other than as an N-source 
for Pseudomonas sp. strain JLRll, came from similar assays but with 
Pseudomonas sp. strain JLR11-P12E2. This mutant, obtained by mini- 
Tn5-tellurite mutagenesis, was unable to grow on TNT as the sole N-source. 
The mutant was blocked in the reduction of the released nitrite to ammonium 
(A. Esteve-Niinez, A. Caballero and J.L. Ramos, unpublished results). 
However, it was still able to grow under anaerobic conditions with acetate as 
the sole C-source and ammonium ions as an N-source, but only if TNT was 
present in the culture medium. Analysis of culture supernatants of this mutant 
by GC-MS revealed that TNT was mainly reduced to 4-amino-2,6- 
dinitrotoluene, which provided further evidence for the in vivo reduction of 



Table 1. Growth of Pseudomonas sp. JLRl 1 and 
its mutant with acetate and TNT^. 



Strain 


TNT 


NHt 


Increase in turbidity 
at 660 nm 


JLRll 


-f- 


+ 


0.25-0.3 




+ 


- 


0.22-0.3 




- 


+ 


0 


P12E2 


+ 


+ 


0.25-0.31 




+ 


- 


0 




- 


+ 


0 



“Increases in turbidity of the cultures under an argon atmosphere 
with acetate as the C-source and with 5 mM NH 4 Cl and TNT 
above its saturation level (lOOmg/L). Strain P12E2 is an isogenic 
mutant of the wild-type strain Pseudomonas sp. JLRl 1 that is 
unable to reduce nitrite to ammonium in vivo. 
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TNT by the mutant cells. These observations suggest that the para nitro group 
in TNT is much more easily reduced than nitro groups in ortho. The conver- 
sion of a nitro group to an amino group on the TNT ring decreases the elec- 
tron deficiency of the nitroaromatic ring; consequently, a lower redox potential 
is required to reduce the rest of the nitro groups of the molecule"^^. 
Accordingly, only trace amounts of 2,4-diamino-6-nitrotoluene were detected 
and triaminotoluene was never detected, probably because its formation 
requires values below -200 mV, which are found only in certain anoxic envi- 
ronments^^’ 

Esteve-Niinez et al}^ carried out a series of assays to test whether pro- 
ton translocation occurred when TNT was added to an anoxic suspension of 
Pseudomonas sp. JLRl 1 . They first induced the respiratory chains involved in 
TNT respiration by growing cells of Pseudomonas sp. strain JLRl 1 under 
anoxic conditions on minimal medium with acetate, ammonium and TNT. 
Washed cell suspensions were incubated in an anoxic isotonic solution of 
250 mM sorbitol, and TNT was added to reach 250 |jlM. In these cell suspen- 
sions Esteve-Niinez et al}^ observed a decrease in the pH of the extracellular 
medium, with maximal acidification after 5 min (Figure 2). 

Preincubation of cells with cyanide in the presence of TNT prevented 
proton extrusion, suggesting that TNT respiration was susceptible to inhibition 
by cyanide. Esteve-Niinez et al?^ also reported that Pseudomonas sp. strain 
JLRl 1 can use nitrate and nitrite as the final electron acceptor under anoxic 




Figure 2. Proton extrusion by Pseudomonas sp. JLRll in response to TNT addition. 
Pseudomonas sp. JLRl 1 cells were grown under anoxic conditions on M9 minimal medium with 
TNT as the final electron acceptor^^. Washed cells were suspended in sorbitol and split in two 
halves. When indicated by the arrow TNT was added to one of the halves and changes in the 
external pH were monitored in time. 
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conditions; however, while they did note that nitrite- or nitrate-grown cells 
extruded protons in response to the addition of nitrite and nitrate (ApH = -0.4 
unit), the external pH remained unchanged after the addition of TNT. This sug- 
gests that nitrate, nitrite respiration and TNT respiration by Pseudomonas sp. 
strain JLRl 1 are, at least in part, independent processes. Membrane vesicles 
prepared from nitrate-grown cells failed to reduce TNT. Membrane vesicles 
prepared from Pseudomonas sp. strain JLRll cells grown with TNT as the 
electron acceptor catalyzed the reduction of TNT, a process that was accom- 
panied by the oxidation of hydrogen and could be coupled to the synthesis of 
ATR No ATP synthesis was observed when the membrane preparation was 
incubated with gramicidin before the addition of TNT. The above series of 
findings was interpreted as evidence that different terminal reductases may be 
involved in processes related to NO 3 and TNT respiration. Although the 
studies by Esteve-Niinez et al}^ in Pseudomonas sp. JLRll were the first 
to demonstrate that the reduction of TNT to the corresponding aminonitro- 
toluenes is physiologically important as an energy conservation system in 
anoxic conditions, the role of TNT as a potential electron acceptor was first 
suggested by Boopathy and Kulpa^. 

4. ENVIRONMENTAL APPLICATIONS 
AND PERSPECTIVES 

The discovery of anaerobic TNT respiration by P putida JLRl 1 together 
with the use of TNT as an N-source by this microorganism may not only lead 
to a better understanding of the physiology, phylogeny and biochemistry of 
TNT respiring bacteria, but also raises the possibility of interesting environ- 
mental applications in anaerobic sites, such as soils and groundwaters, 
polluted with TNT. In these sites better proliferation of these bacteria is 
expected because TNT can serve as an N-source, and the TNT respiration 
process could favor faster growth in situ. 

Respiration by P putida strain JLRll is potentially useful for the 
biotreatment of deep soils polluted with TNT, particularly in phytorhizoreme- 
diation, in which bacterial cells are transported to the deepest root zones where 
oxygen levels are low. Our studies have shown that many P putida strains 
attach to the surface of seeds and colonize the rhizosphere of a number of 
plants, reaching cell densities of up to 10 ^ colony-forming units per gram of 
soii24, 42 jjjjg jg useful way to deliver high cell densities under- 

ground, where oxygen is scarce. Plant-bacterial combinations to phytoremedi- 
ate contaminated soils were first developed with a Pseudomonas sp. strain 
capable of transforming TNT to its monoaminodinitrotoluene and diaminoni- 
trotoluene metabolites^^, but the JLRll strain may turn out to be more 




236 



Juan-Luis Ramos et aL 



effective and efficient by generating energy through TNT respiration. Current 
microcosm and field assays are being carried out in our laboratory and should 
provide a clear view of its potential for in situ bioremediation. 

The reduced products resulting from TNT respiration can bind strongly 
to the mineral and organic fractions of the soil, thus immobilizing the amino- 
nitroaromatic compounds to the soil matrix^""^’ This type of 

immobilization has been considered a kind of humification and it is considered 
a detoxification process because after treatment the reduction metabolites can- 
not be desorbed from soil by alkaline or acidic hydrolysis or by methanolic 
extraction. Therefore, it was concluded that metabolites became unavailable for 
further microbial degradation and mineralization. The covalent binding of 
reduced metabolites of [^^N]TNT to soil organic matter was analyzed by ^^N 
nuclear magnetic resonance (NMR) spectroscopy. The NMR shifts showed that 
nitrogen was covalently bound to humic acid as substituted amines and amides, 
whereas the NMR spectra of silylated humin suggested the formation of azoxy 
compounds and imine linkages^’ Nonetheless, it should be pointed out that 
the long-term fate of these immobilized products is unknown. 

It has frequently been reported that catabolic genes are part of catabolic 
plasmids and catabolic transposons^^’ and it has been shown before that 
gene exchange, including that of chromosomal markers, can be enhanced 
in the plant rhizosphere^^. One would then expect phytorhizoremediation to 
function by exploiting not only the microbe’s own potential but also that of 
the resident rhizosphere population able to act as recipient of genes for the 
metabolism of nitroaromatic compounds. 

It should be noted that a number of genes involved in TNT metabolism 
have been described, for example, xenB^^.pnrA (A. Esteve-Niinez, A. Caballero, 
J.J. Lazaro and J.L. Ramos, unpublished results) and others. These genes can 
be used as gene probes to identify niches in which these kinds of gene prevail, 
and the conditions under which the population of microbes bearing these genes 
increases^^. This may also be useful in the design of biological treatments for 
sites polluted with TNT. In situ activities of ongoing biotreatments will be 
possible by isolating mRNA from cells in polluted sites and monitoring 
expression with RT-PCR techniques. 

Little is known about the biochemical properties of the enzymes 
involved in TNT metabolism; at present the putative denitrase involved in the 
removal of the nitro groups from TNT has not been identified, and only a few 
TNT reductases have been characterized (Esteve-Niinez et al, unpublished 
results). Therefore we look forward to many important contributions in this 
research area. The productive steps leading to the mineralization of reduced TNT 
derivatives by anaerobic bacteria are unknown, and advances are envisaged 
using microorganisms that can be analyzed with a combination of genetic and 
biochemical methods. These studies will be illuminating not only in terms of 
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understanding the catabolic pathways themselves, but also in yielding insights 
into the evolution of these activities. 
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1. INTRODUCTION 

Arginine can serve many bacteria as a source of carbon, energy, and 
nitrogen, as a building unit of proteins, and as a precursor of polyamine syn- 
thesis^"^’ It can also be an ammonia source for bacterial adaptation to acid 
environments^^’ All of the major arginine catabolic pathways initiated 
by arginase, arginine deiminase (ADI), arginine succinyltransferase (AST), 
arginine decarboxylase (ADC), or arginine dehydrogenase (ADH), occur in 
bacteria^"^. Many bacteria have more than one route to utilize arginine depend- 
ing on the physiological purpose. Pseudomonas aeruginosa PAOl possesses 
four pathways of arginine metabolism (ADI, AST, ADC and ADH; Figure 1). 
The ADI and AST pathway genes were first established in strain PAOl^^’ 
Several ADC and ADH pathway genes have been recently identified and 
characterized in this strain^^’ 

Polyamines are ubiquitous polycations necessary for optimal cell growth^ 
and serve as good carbon and nitrogen sources for R aeruginosa^^^ 
Biosynthesis of putrescine, a precursor of spermidine synthesis, proceeds with 
the decarboxylation of either arginine or its precursor ornithine (Figure 2). 
Agmatinase and Y-carbamoylputrescine amidohydrolase of the ADC pathway 
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Figure 1. Biosynthetic and catabolic pathways of arginine in Pseudomonas spp. Open and bold 
arrows indicate biosynthetic and catabolic reactions, respectively. Only key intermediates of argi- 
nine biosynthesis are depicted. Thin arrows denote potential catabolic reactions. Other ornithine 
catabolic pathways are described in Chapter 10, Volume 3. 
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Figure 2. Biosynthetic and catabolic pathways of polyamines in R aeruginosa. Open arrows 
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perform putrescine biosynthesis in this strain^^. The presence of multiple 
pathways for arginine catabolism and the participation of some arginine cata- 
bolic enzymes in polyamine biosynthesis or catabolism constitute the complex 
metabolic networks of arginine and polyamines in R aeruginosa PAOl. 

This chapter illustrates the known networks of arginine and polyamine 
metabolism in R aeruginosa PAOl and review progress made over the last 
decade. The metabolic networks allow over 20 compounds to be utilized and 
represent elaborated metabolic systems developed by nutritionally versatile 
pseudomonads. Global and specific network regulation is also focused upon 
here. Global regulation controls, for example, cellular functions for adaptation 
to changes in oxygen tension or nutritional availability, while specific regula- 
tion accommodates several biological processes to achieve efficient utilization 
of the respective substrates. 



2. ARGININE NETWORK 

In R aeruginosa PAOl, arginine biosynthesis proceeds from L-glutamate 
in eight enzymatic steps as in E. coli (Figure 1 and Table 1)^^’ except that 
A-acetylornithine acetyltransferase (encoded by argj) also participates in 
A-acetylglutamate synthesis (Figure 1). The AST and ADI pathways consist 
of 5 and 3 enzymes respectively, and the ADC and ADH pathways include 
12 enzymes (Figure 1). In addition, at least about 20 proteins are involved in 
transport and regulation. Thus, over 50 proteins are involved in the arginine 
network in strain PAOl. 

2.1. Arginine Biosynthesis 

All of the arginine biosynthetic genes {argABCEFGHJ and carAB) 
except for argD, which encodes A-acetylornithine aminotransferase, have 
been identified in R aeruginosa PAO 1^^’ (for gene products and functions, 
see reviews [14], [27], [28]). A^-succinylornithine aminotransferase (the aruC 
product) of the AST pathway is more similar (67% identity) to ArgD than to 
its counterpart AstC (61% identity) of Escherichia coli. AstC appears unable 
to perform an efficient anabolic function in vivo, as argD mutants of E. coli 
require arginine for growth^^. AruC can use A^-acetylornithine as a substrate 
in vitro as efficiently as A^-succinylomithine^^’ and can complement the 
arginine-auxotrophic phenotype of an E. coli argD mutant^^, but aruC mutants 
of R aeruginosa are prototrophic for arginine. This does not rule out a role for 
AruC in A^-acetylornithine synthesis but indicates that ArgD of R aeruginosa 
PAOl is less specific than the E. coli counterpart. The identities of all possi- 
ble transaminases of this strain to E. coli ArgD are below 40%^^. Moreover, 
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aruD (982) A^-Succinylglutamate semialdehyde 7V-succinylglutamic semialdehyde + NAD"*" [39], [42], [99] 

dehydrogenase (1.5.1.12) A^-succinylglutamate + NADH + H ^ 

aruE (985) A-Succinylglutamate desuccinylase A-succinylglutamate — > L-glutamate + succinate [39], [42], [99] 




gbuA (1547) Guanidinobufyrase (3. 5. 3. 7) 4-guanidinobutyrate + H2O — > 4-aminobutyrate + urea [65], [108] 

gdhB (1435) NAD-dependent glutamate L-glutamate + H2O + NAD"*^ 2-ketoglutarate + [51] 

dehydrogenase (1.4. 1.3) NH4 + NADH + H"*" 

kauB (5983) Multifunctional aldehyde 4-guanidinobutyraldehyde + NAD+ ^ 4-guanidinobutyrate + [88] 
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Other transaminase, such as 4-aminobutyrate aminotransferase^®^, which has a 
broad substrate specificity, might execute the ArgD function in R aeruginosa. 

In R aeruginosa PAOl, A-acetylglutamate synthase (argA) and gluta- 
mate acetyltransferase (argJ) catalyze A-acetylglutamate synthesis in the first 
reaction of arginine biosynthesis (Figure 1). ArgA essentially initiates arginine 
biosynthesis (argA mutants are arginine auxotrophs)^®, and ArgJ helps to 
minimize the amounts of acetyl-CoA consumed by ArgA, by recycling the 
acetyl group in the pathway F. coli has only ArgA^^, whereas Bacillus subtilis 
has only ArgJ that probably assumes the anaplerotic function of 7V-acetylglu- 
tamate synthase^. R aeruginosa PAOl controls cellular arginine pools through 
feedback inhibition of the first two enzymes and by modulating the transcrip- 
tion of argF (for anabolic ornithine carbamoyltransferase) and carAB 
(carbamoylphosphate synthetase) (see specific regulation section). This is in 
contrast to E. coli and B. subtilis where the entire arginine biosynthetic 
regulon is controlled at the transcription levef’ 

2.2. Arginine Catabolism 

2.2.1. ADI Rathway 

The arcDABC operon encodes an arginine-ornithine antiport protein 
(arcD) and the ADI pathway enzymes®’ ADI (arcA), catabolic ornithine 
carbamoyltransferase (arcB), and carbamate kinase (arcQ (Figure 1 and 
Table 1). The primary role of this pathway is to supply ATP to the “strict 
aerobic” R. aeruginosa PAOl for driving motility and nutrient uptake as well 
as for slow growth under anaerobic conditions'^. This pathway is induced by 
oxygen limitation and generates copious amounts of ammonia when sufficient 
arginine is present in the medium. In fact, the detection of ammonia production 
using a pH-indicator has identified the pathway as a taxonomic marker in bac- 
terial classification^^’ This pathway contributes to the survival of PAOl cells 
in acidic conditions by neutralizing the acidity via the production of ammo- 
nia^®. It is also important in the pH-control of the fermentative growth of 
cultured lactic bacteria that produce potentially lethal amounts of acids^^’ ^®’ ^®. 

Ornithine (yielded in the ArcB reaction) is another pathway product 
that is not further metabolized under anaerobic conditions. It is used to drive 
arginine uptake. The integral membrane protein ArcD mediates a stoichiomet- 
ric and energy-independent exchange between ornithine produced in the 
cytosol and arginine in the medium®’ This transport mechanism thus allows 
energy-deficient anaerobic cells to take up arginine without using energy. 

The catabolic ArcB enzyme shares 52% similarity with the anabolic 
ArgF enzyme, but they have different subunit structures and perform uni- 
directional reactions in vivo®’ ®^. ArcB is a dodecamer consisting of four 
trimers of equal subunits, whereas ArgF is a trimer of identical subunits. 
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Figure 3. Organization of arc genes in various species. Sequence data are available at KEGG 
(http://mbgd.genomne.ad.jp) and NCBI (http://www.ncbi.nlm.nih.gov). The arcT genes of 
Lactobacillus sakei and Streptococuss gordonii encode a putative transaminase and Xaa-His 
peptidase, respectively^^’ The regulatory gene argR encodes the ArgR (E. coli)/AhrC 
(B. subtilis)-typQ arginine repressor and arcR is a gene for Crp/Fnr-type anaerobic regulator. 



ArcB cannot catalyze the thermodynamically favored formation of citrulline 
and phosphate from ornithine and carbamoylphosphate in vivo, due to low 
affinity and high cooperativity toward carbamoylphosphate^’ Glutamate at 
position 105 (Glul05) as well as at the N- and C-terminals are responsible for 
the carbamoylphosphate cooperativity^’ Glul05 is buried within a 

hydrophobic core of the catalytic site for carbamoylphosphate and makes a salt 
bridge with nearby Argl07 (a residue for carbamoylphosphate binding and 
cooperativity) to compensate for its thermodynamically unfavorable negative 
charge^^^. Amino acid substitution of E105 by a neutral or basic residue 
(alanine, glycine, or lysine) abolishes carbamoylphosphate cooperativity and 
confers an anabolic function upon the enzyme^’ The C-terminal Ile335 
forms a salt bridge with the N-terminal His5 on the same monomer or with the 
N-terminal Lys45 of another monomer^^’ Deletions or substitutions of the 
C-terminal residue abolish or diminish cooperativity toward carbamoylphos- 
phate^^. Similar replacement of the N-terminal regions 1-26 or 1^2 with the 
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corresponding E. coli ArgF sequence reduces the cooperativity^^. These struc- 
tures alone however do not significantly influence dodecamer formation and 
the trimer itself displays homotropic cooperativity. A dodecameric structure is 
therefore not necessary for cooperativity, but highly organized oligomerization 
appears to enhance the intrinsic allosteric property and would ultimately be 
responsible for the inactivity of ArcB in the anabolic fimction^^’ 

The arc operon has been identified and characterized in a variety of eubac- 
teria and in archaea (Figure 3). Orthologues also occur in Staphylococcus aureus, 
Lactococcus lactis, and Mycoplasma penetrans as well as in a-proteobacteria 
{Sinorhizobium meliloti), and other y-proteobacteria (/? fluorescens, Salmonella 
typhi, and S. typhimurium) (http://www.ncbi.nlm.nih.gov). The gene order of 
arcDABC is perfectly conserved in Burkholderia pseudomallei and Burkholderia 
fungorum, as well as in Pseudomonas putida and Pseudomonas syringae, but not 
in Rhizobium etli^^ (Figure 3). In contrast, the arc genes of Gram-positive bacte- 
ria are divergent in terms of gene organization and a putative transaminase gene 
{arcT) and/or regulatory genes {arcR and argR) are often located within or 
adjacent to the gene cluster (Figure 3). Functions of the regulatory genes are 
discussed in a later section. Plasmids pSymB and pNCR200 encode the arcABC 
genes in 5. meliloti and Halobacterium spp., respectively. The fact that these 
plasmid-bome arc genes have the same order as the chromosomal arc genes of 
R. etli and Halobacterium salinarium (formerly Halobacterium halobium) 
(Figure 3) makes their horizontal transmission among these and related species 
plausible. 

2.2.2. AST Pathway 

The AST pathway is the major catabolic route of arginine and ornithine 
as a carbon source in P. aeruginosa PAOl^^’ This pathway starts with the 
succinyl-CoA-dependent succinylation of arginine by succinyltransferase 
(encoded by aruFG at the aruA locus)^^’ A^-succinylarginine dihydrolase 
{aruB) converts A^-succinylarginine into A^-succinylomithine, and this com- 
mon intermediate of arginine and ornithine catabolism then leads to glutamate 
and succinate in three enzymatic steps (aruCDE) (Figure 1). Catabolic 
(NAD “^-dependent) glutamate dehydrogenase (gdhB)^^ converts the glutamate 
to 2-ketoglutarate, which is metabolized through the TCA cycle and regener- 
ates succinyl-CoA for re-initiation of the pathway (Figure 1). Thus, when argi- 
nine is used as a carbon and energy source via the AST pathway, the carbon 
skeleton is essentially degraded in the TCA cycle. 

AruA is a heterotetramer composed of two homologous subunits (AruAI 
and AruAII encoded by aruF and aruG, respectively) (Figure 4), which 
succinylates arginine as well as ornithine with succinyl-CoA^^. P. aeruginosa 
PAOl can thereby also degrade ornithine through this pathway, although 
growth on ornithine is significantly slower than that on arginine^^’ Such 
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P. aeruginosa PAOl 
P. syringae B728a 

P. fluorescens Pflu_138 



P. putidaY^Tim 

B. fungorum Bcep_285 
B. pseudomallei K96243 



CbrA-CbrB 




E. coli K-12, CFT073, 0157:H7 
S. typhi CT18 
S. typhimurium LT2 
Y. pestis CO920, KIM 




Figure 4. Structures and regulation of the aot-argR and aru operons. Sequence data are 
available in the databases indicated in the legend to Figure 3. Functions of each gene are listed in 
Tables 1 and 2. 



slow growth on ornithine can be explained in part by the cooperativity of the 
enzyme toward ornithine. The ornithine concentration at half-maximal veloc- 
ity can be as high as 25 mM, whereas the reaction with arginine proceeds in a 
hyperbolic curve and the Km value of the enzyme for the substrate is 
0.5 mM^^. Cells containing mutant AruA with reduced ornithine cooperativity 
grow faster on ornithine, but still more slowly than on arginine^^. Inefficient 
ornithine uptake and weak induction of the pathway enzymes by ornithine^ 
also account for the slow growth on ornithine. 

The AST enzymes have also been identified in Aeromonas formicans, 
Klebsiella aerogenes, Escherichia coli, Burkholderia cepacia (formally 
Pseudomonas cepacia), and in many other Pseudomonas strains^"^’ 

Genome sequencing (http://mbgd.genome.ad.jp; http://www.ncbi.nlm.nih. 
gov) has identified the aru operon in other Pseudomonas strains {P putida, 
P fluorescens, mAP syringae), Burkholderia {B. fungorum and 5. pseudomallei), 
enteric bacteria {Escherichia coli, Salmonella typhi. Salmonella typhimurium, 
and Yersinia pestis). Vibrio (V cholerae, V varunificus), Caulobacter crescentus, 
and in Shewanella oneidensis. No aru/ast homologues have yet been found in 
Gram-positive bacterial genomes. All Pseudomonas and Burkholderia strains 
examined so far have the same gene order of aruCFGBDE. This order is also con- 
served in enteric bacteria (where aru is termed as ast or cst), except that a single 
astA gene specifies the succinyltransferase^^’ (Figure 4). 

The AST pathway supplies cells with carbon and nitrogen sources or 
is only a nitrogen source depending on the strain. It is a major pathway of 
P aeruginosa PAOl for aerobic arginine utilization as carbon and nitrogen 
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sources^^’ An aru-mxW mutation almost abolishes the arginine utilization 
by this strain as a carbon, but not as a nitrogen source, though it significantly 
affects growth with arginine supplied as the nitrogen source (our unpublished 
data). In PAOl cells other pathways can supply nitrogen from arginine to 
support slow growth when the AST pathway is blocked. 

2. 2.3. ADH Pathway 

The ADH pathway enzymes, L-arginine dehydrogenase (= oxidase), 
2-ketoarginine decarboxylase, 4-guanidinobutyraldehyde dehydrogenase, and 
guanidinobutyrase, have been identified in P. putida^^’ The first enzyme 

oxidatively deaminates L-arginine to produce 2-ketoarginine, which is subse- 
quently converted by the following three enzymes to 4-aminobutyrate with the 
concomitant formation of urea and CO 2 (Figure 1, Table 1). P. putida also has 
the AST pathway (see above). The ADH and AST pathways operate simulta- 
neously and equally contribute to arginine utilization by this bacterium^^. 
P. aeruginosa PAOl does not metabolize L-arginine by this pathway, because 
of the apparent absence of L-arginine dehydrogenase, but it can utilize all 
compounds below 2-ketoarginine as carbon and nitrogen sources, as it has a 
complete set of the enzymes downstream of 2-ketoarginine decarboxylase"^ ^ 
The presence of a D-arginine-inducible D-arginine dehydrogenase, instead of l- 
arginine dehydrogenase, appears to enable this strain to utilize D-arginine via 
this pathway^^’ An aruA null mutant of strain PAOl slowly utilizes 
D-arginine as well as L-arginine as a carbon source (our unpublished data), 
indicating that in the wild type, the D-enantiomer may be converted to the 
L-enantiomer by arginine racemase"^^ and channeled into the AST, as proposed 
for D-arginine metabolism by P. putida^^. An aruA gbuA double mutant of 
strain PAOl is unable to utilize both l- and D-arginine as a carbon source but 
still able to do as a nitrogen source (our unpublished data). The ADH pathway 
therefore appears to be an auxiliary route of arginine catabolism as the carbon 
source and ADI and/or the ADC pathway may generate the NH 4 involved. 

Two ADH pathway genes, kauB (for 4-guanidinobutyraldehyde 
dehydrogenase) and gbuA (for guanidinobutyrase), have been identified in 
P. aeruginosa PAOl (Table 1). KauB is a multifunctional aldehyde dehydroge- 
nase that also participates in the catabolic conversion of 4-aminobutyralde- 
hyde to 4-aminobutyrate and of 3-aminopropanaldehyde to P-alanine in 
polyamine metabolism"^^ (also see Section 3). The subunit structure and kinetic 
properties of this enzyme (deduced Mr of 53 kDa) remain unknown. GbuA is 
a homodimer of 140 kDa that is highly specific for 4-guanidinobutyrate^^’ 

The gbuA locus is separate from the kauB locus, and in their flanking regions 
the D-arginine dehydrogenase and the 2-ketoarginine decarboxylase genes are 
not present. Thus, the ADH pathway genes are scattered across at least three 
different loci. 
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2,2.4. ADC Pathway 

P. aeruginosa PAOl possesses an arginine-inducible ADC^^. Agmatine, 
the decarboxylation product of arginine, is a carbon and nitrogen source for 
P. aeruginosa PAOl. Agmatine is catabolically converted into putrescine, 
2 NH 4 , and CO 2 in two successive reactions catalyzed by agmatine deiminase 
(aguA) and A-carbamoylputrescine amidohydrolase (aguB) in this strain^^’ 
(Figure 1 and Table 1). AguA is a homodimer of 43 kDa subunits with a novel 
sequence of C-N hydrolases that is highly specific for agmatine^^. AguB is a 
homohexamer of 33 kDa subunits that resemble the (3-alanine synthetase/ 
nitrilase family enzymes of C-N hydrolases and displays high specificity for 
A-carbamoylputrescine^^. The ADC pathway appears not to contribute to argi- 
nine utilization, since an aruA gbuA mutant cannot use arginine as a carbon 
source, as mentioned above. The aguBA operon (in the gene order given) 
is induced to high levels by exogenous agmatine, to a lesser extent by 
A-carbamoylputrescine, and marginally by arginine^^’ The ADC levels 
induced by arginine probably cannot yield agmatine in concentrations suffi- 
cient for aguBA induction. 

Some Pseudomonas strains (e.g.. Pseudomonas alcaligenes) have this 
pathway as a unique catabolic route of arginine utilization as a nitrogen 
source^"^. Whether this pathway can serve for P. aeruginosa PAOl as a nitro- 
gen route of arginine metabolism remains to be explored. 



3. POLYAMINE NETWORKAND ITS LINK 
TO THE ARGININE NETWORK 

Putrescine and spermidine are major polyamines in bacteria and 
spermine also occurs in eukaryotic cells^^’ The biosynthesis of putrescine 
proceeds from either arginine or its precursor ornithine in P. aeruginosa PAOl. 
This section outlines the biosynthetic and metabolic networks of polyamines in 
which KauB and AguAB are involved as catabolic and biosynthetic enzymes, 
respectively. 

3.1. Polyamine Biosynthesis 

P aeruginosa PAOl can generate putrescine directly from ornithine by 
ornithine decarboxylase (ODC, the speC product) or indirectly from arginine 
via biosynthetic ADC encoded by speA^^ (Figure 2). Subsequent transfer of the 
aminopropyl group from decarboxylated S-adenosylmethionine to putrescine 
by spermidine synthase {speE) results in spermidine synthesis. Either route 
alone can supply putrescine in amounts sufficient to support normal cell 
growth. SpeC decarboxylases of strain PAOl (deduced Mr of 43,559) has no 
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sequence similarity with E. coli SpeC (Mr 79,414)^^ but resembles the coun- 
terparts of Archaea, for example, Methanosarcina mazei (60% identity), and 
Saccharomyces cerevisiae (30% identity). Anabolic conversion of agmatine 
to putrescine can proceed directly via agmatinase {speB) (e.g., in E. coli) or 
successively via agmatine deiminase (aguA) and A-carbamoylputrescine ami- 
dohydrolase {aguE) (e.g., in plants)^^’^^. R aeruginosa PAOl lacks SpeB and 
recruits AguAB for putrescine biosynthesis^^ (Figure 2). Thus, AguAB per- 
forms both putrescine biosynthesis and agmatine metabolism in R aeruginosa 
PAOl. The AguAB sequences led to the identification of cDNA clones for 
AguB (62% identity)^^ and a putative AguA (56% identity) in Arabidopsis 
thaliana, tomato, and rice; AguAB also have counterparts in many 
Rseudomonas and other bacterial species^^’ The absence of a speB ortho- 
logue in these organisms implies that aguAB orthologues participate in 
putrescine biosynthesis and that some of the bacterial orthologues may also be 
involved in agmatine metabolism like the R aeruginosa enzymes. 

Constitutive levels of AguAB are below 10% of the induced levels, but 
can complete putrescine synthesis in amounts sufficient for normal growth 
even when speC is blocked^^. Exogenous arginine coordinately doubles ADC 
and AguAB synthesis and inversely represses SpeC formation by 75%, 
whereas putrescine prevents ADC and ODC synthesis by 50-70%^^. Ornithine 
has no apparent regulatory property. The inverse regulation of the ADC and 
ODC by arginine can avoid futile ODC synthesis when ornithine levels are 
low as a consequence of feedback inhibition of the biosynthetic enzymes by 
exogenous arginine and allows efficient putrescine synthesis from arginine. 
The regulation of speDE remains to be studied in R aeruginosa PAOl. 

3.2. Polyamine Catabolism 

Putrescine that is formed internally from agmatine via AguAB or 
supplied exogenously is catabolized into 4-aminobutyraldehyde by putrescine 
aminotransferase (encoded by spuC). SpuC belongs to the class III of 
pyridoxal-phosphate-dependent aminotransferases^^. It prefers pyruvate as an 
amino acceptor and is only weakly similar (27% identity) to the E. coli coun- 
terpart (yg/G), which uses 2-ketoglutarate as an amino acceptor^^. The spuC 
gene is integrated in the spuABCDEFGH operon that encodes putative 
enzymes (spuAB) of unknown function and the spermidine-spermine trans- 
port proteins (spuDEFGH) that constitute a periplasmic binding protein- 
dependent transport system homologous to that of E. coli Pot polyamine 
uptake^^. The inactivation of spuC abolishes the utilization of putrescine, but 
not that of spermidine and spermine, both of which can be metabolized via 
3-aminopropanaldehyde to P-alanine (Figure 2; see below). By contrast, any 
spuDEFGH mutation results in defective spermidine and spermine utilization 
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with no effect on putrescine utilization. Thus, the SpuDEFGH system is the 
specific transport pathway of spermidine and spermine and the PotABCD sys- 
tem (www.pseudomonas.com) mediates putrescine transport as in E. colf^’ 

Many bacteria including P. aeruginosa utilize spermidine and spermine 
as carbon and/or nitrogen sources^"^’ but bacterial polyamine catabolic 
enzymes have not been studied in detail. Spermidine dehydrogenase (Table 1) 
was first identified and purified in Serratia marcescens as a possible catabolic 
enzyme of spermidine^^. This enzyme is a spermidine-inducible flavoprotein 
of 76 kDa associated with the cytoplasmic membranes. Thereafter, similar 
enzymes were identified in Citrobacter freundii and in other bacteria includ- 
ing R aeruginosa^"^^^ . The C. freundii enzyme (63 kDa) is also associated 
with the cytoplasmic membrane in cells cultured with spermidine. It contains 
pyrroloquinoline quinone instead of FAD as the prosthetic group^^. The 
R aeruginosa enzyme shares similar properties with the C freundii enzyme 
but is constitutive^^. We identified /Mi 775 (http://www.pseudomonas.com) as 
the spermidine dehydrogenase gene {spdH) of R aeruginosa PAOl using the 
determined N-terminal sequence. SpdH is similarly active against spermidine 
and spermine. It cleaves spermidine to 4-aminobutyraldehyde and 1,3- 
diaminopropane and spermine to spermidine and 3-aminopropanaldehyde, 
thus yielding 4-aminobutyraldehyde, 1,3-diaminopropane, and 3-amino- 
propanaldehyde from spermine as the final products (Figure 2). A knockout 
mutant of spdH however can still grow on both spermidine and spermine as 
carbon and nitrogen sources and appears to have a polyamine-inducible degra- 
dation enzyme for the polyamines. Whether either or both of these enzymes 
are responsible for polyamine utilization by R aeruginosa PAOl is presently 
unknown. Identification and inactivation of the gene for the inducible enzyme 
in the wild type and the spdH background should resolve this question. 

The 4-aminobutyraldehyde that results from putrescine by SpuC is oxi- 
dized to 4-aminobutyrate (GABA) by the NAD "^-dependent KauB aldehyde 
dehydrogenase, which also catalyzes the oxidative conversion of 4-guanidi- 
nobutyraldehyde to 4-guanidinobutyrate in the ADH pathway (see above; 
Figure 2). We found that kauB mutants cannot use 1,3-diaminopropane, sper- 
midine, and spermine, in addition to putrescine and 2-ketoarginine'^^; (our 
unpublished data). Such growth phenotypes of the kauB mutants support the 
notion that both spermidine and spermine are metabolized via 3-amino- 
propanaldehyde and 4-aminobutyraldehyde as intermediates (Figure 2). Beta- 
alanine, the oxidation product derived from 3 -propanaldehyde by KauB, is 
then converted to malonic semialdehyde by P-alanine aminotransferase and 
subsequently to acetyl-coenzyme A (acetyl-CoA) by malonic semialdehyde 
dehydrogenase, before condensation into citrate via citrate synthase (gltAf'^, 
The possible genes for p-alanine aminotransferase (PA0132) and malonic 
semialdehyde dehydrogenase {RAO ISO) have been assigned according to 




Table 2. The transport and regulatory genes in the arginine and polyamine networks of R aeruginosa PAOl. 
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anr (1681) Crp/Fnr family, anaerobic regulator [23], [28] 

cbrA (5035) Sensor-histidine kinase [70] 

cbrB (5037) Response regulator (NtrC-type) [70] 

gbuR (154) LysR family protein, expression of gbuA induced by 4-guanidinobutyrate [65] 
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similarities to the ^-alanine aminotransferase of R putida (87% similarity) and 
the methylmalonic semialdehyde dehydrogenase of R aeruginosa PAOl (67% 
similarity) (www.pseudomonas.com), respectively. 



4. THE GABA PATHWAY, CONFLUENCE OF 
THE NETWORKS 

At the confluence of the ADH and ADC-putrescine catabolic pathways, 
4-aminobutyrate is channeled into the TCA cycle via 4-aminobutyrate 
aminotransferase {gabT) and succinic semialdehyde dehydrogenase {gabD) 
(Figure 1). The gabDT genes of E. coli and B. subtilis form an operon together 
with gabR (GABA permease) and the gabC (E. coli) or gabR (B. subtilis) 
regulatory gene^’ The gabDT genes of R aeruginosa PAOl (Table 2) 

appear to constitute an operon, but the gabR gene (77% similar to E, coli 
gabR) is located at a different locus and a regulatory gene elsewhere has not 
been identified (www.pseudomonas.com). 



5. SPECIFIC REGULATIONS 

ArgR is an AraC/XylS family protein^ that positively controls 
the AST and ADI pathways and negatively controls the argF and carAB genes 
in response to exogenous arginine. The ADC, ADH, and polyamine catabolic 
pathways comprise distinct regulatory units that are regulated by different 
pathway intermediates. This section describes the regulatory mechanism 
underlying the inverse regulation by ArgR and the regulation of each pathway 
unit that enables consecutive expression of the corresponding pathways. 

5.1. Regulation by ArgR 

The aotJQMOR-argR operon immediately upstream of the aru 
operon^^’ (Figure 4) encodes a periplasmic binding-protein dependent 
arginine-ornithine transport system (AotJQMP) and the ArgR regulatory pro- 
tein (Table 2). This operon structure is conserved among Rseudomonas and 
Burkholderia species, except that R aeruginosa as well as R fluorescens have 
aotO without a transport function between aotM and aotP^"^ and R fluorescens 
has the additional insertion of a hypothetical gene between argR and aruC 
(Figure 4). Arginine controls cellular amounts of ArgR by modulating the tran- 
scription of the operon. The 5 '-flanking region of aotJ carries two promoters 
(PI and P2) for the operon. In the absence of arginine (or ornithine), 
transcription from the upstream promoter PI occurs at low levels. When the 
inducer is present, transcription from PI ceases and P2 actively expresses the 
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operon at high levels instead. This promoter switch is accomplished by ArgR 
binding to the 21 -bp tandem repeat (ArgR box) that is located adjacent to the 
-35 region of P2 and overlaps with the -10 region of Pl^^ ArgR bound to 
the box interferes with the access of RNA polymerase to PI and recruits the 
enzyme to P2 to stimulate transcription from this promoter. Through binding 
to the cognate ligand at the C-terminal domain, the AraC/XylS family of pro- 
teins (e.g., AraC, MelR, XylS, etc.) modifies the binding affinity to operators 
or become an active dimer^^’ ArgR can form a dimer and bind to the ArgR 
box, independently of arginine^®’ Whether ArgR has binding affinity to argi- 
nine is unknown. Both arginine and ArgR are essential, but not sufficient for 
P2 activation. Transcription from P2 also requires the functions of the CbrA- 
CbrB two-component regulatory proteins^^. A possible role of arginine in the 
regulation of P2 is considered in conjunction with that of the CbrA-CbrB pair 
in the next section. 

ArgR also activates the expression of the aru and arc operons and the 
oprD and gdhB genes (Table 2). The aruC promoter has two ArgR boxes 
(Figure 5), perhaps facilitating the recruitment of RNA polymerase to the pro- 
moter for efficient expression of the major catabolic pathway. In contrast, 
anaerobic expression of the arc operon is essentially activated by the Anr reg- 
ulatory protein (see below), as arginine does not induce the arc operon in aer- 
ated cells or in Anr-negative cells^^. However, ArgR stimulates Anr-dependent 
expression when its binds to the ArgR box adjacent to the Anr-binding site^^ 
(Figure 5). ArgR appears to promote the initiation of arc transcription through 
physical contact with Anr^^. This view implies that ArgR can cooperate with 
other regulators, a property unique to ArgR within this family. OprD is an 
outer membrane porin that constitutes a diffusion channel for basic amino 
acids and peptides as well as the antibiotic imipenem^"^. OprD synthesis is 
enhanced by arginine, alanine, glutamate, or histidine, and an argR mutation 
specifically abolishes arginine-dependent synthesis. The ArgR box on the 
oprD promoter is separated by 22 bp from the -35 sequence. This space 
might have a binding sequence for a factor involved in regulation by other 
amino acids or for another factor like in the arcD promoter (Figure 5). The 
gdhB gene is also activated during growth on arginine, as a consequence of 
ArgR binding to the ArgR-box adjacent to the promoter^^ (Figure 5). OprD 
porin could facilitate arginine diffusion across the outer membrane and GdhB 
may help efficient channeling of glutamate, an AST pathway product, into the 
TCA cycle via 2-ketoglutarate^^’ 

On the contrary, ArgR binding to the ArgR boxes within the -10 and 
—35 regions of the argF and car A promoters represses expression of these 
arginine biosynthetic genes^^. In addition to feedback inhibition of the first 
two arginine biosynthetic enzymes, arginine-dependent repression of the argF 
and carAB biosynthetic genes ensures a tight block of arginine biosynthesis 
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Figure 5. Sequence alignment of ArgR-binding sites and their locations in arginine-responsive 
promoters. Arrows below alignment indicate first and second halves (I and II) of the binding 
sequences. a^^-RNP, a^^-dependent RNA-polymerase holoenzyme; -10 and -35, promoter 
sites for a^^-RNP. Arrows facing left indicate binding sequences on complementary strands. This 
figure was taken from Lu and Abdelal^* with permission and is slightly modified. 



and prevents the futile consumption of ATP used for carbamoylphosphate 
synthesis^^ when exogenous arginine is available. ArgR thus coordinates the 
arginine network by functioning as either a positive or a negative regulator in 
response to arginine availability 

In enteric bacteria and B. subtilis, ArgR and AhrC repressors, respec- 
tively, which are homologous to each other but have no structural relatedness 
to P. aeruginosa ArgR, negatively control the arginine biosynthetic arg 
regulon in response to exogenous arginine^’ ArgR of E. coli and 
S. typhimurium can enhance the arginine-dependent expression of the ast 
operons"^"^’ and AhrC of Bacillus licheniformis mediates arginine-dependent 
expression of the catabolic arcABDC operon^^. Thus, the arginine regulators 
that belong to distinct protein families control negatively arginine biosynthe- 
sis and positively arginine catabolism through very similar mechanisms. 

5.2. Sequential Regulation of the ADC and ADH Pathway 

Syntheses of the ADC and ADH pathway enzymes are differently 
controlled. AguR, a TetR-type repressor encoded by the aguR gene immedi- 
ately upstream of aguBA, controls inducible expression of the aguBA operon 
by agmatine or A-carbamoylputrescine^^’ In the absence of the substrate, the 
repressor binds to a palindromic sequence f TCCGAT TTTT ATCGGA ) 
between the -10 and -35 regions to prevent the RNA polymerase holoen- 
zyme from accessing the promoter. Agmatine as well as A-carbamoylpu- 
trescine antagonize the binding activity of AguR to induce aguBA 
expression^^. Agmatine, putrescine, spermidine, and spermine actively express 
the spuABCDEFGH operon^^. Since the induction effect of agmatine is 
abolished in an aguA mutant^^, agmatine exerts its induction effect via one of 




260 



Yoshifumi Itoh and Yuji Nakada 



its metabolites, probably putrescine. Such polyamine-dependent expression is 
consistent with the operon functions of SpuC transaminase for putrescine 
metabolism (Figure 2) and SpuDEFGH transport proteins for spermine and 
spermine uptake (see above). PAOl cells cultured with a polyamine produce a 
protein that can bind to the spuA promoter^^. Characterization of this putative 
regulatory protein and the corresponding gene would shed light on how the 
spu operon is regulated by polyamines. 

The ADH pathway of R putida P2 comprises several regulatory units, 
namely L-arginine transport system, L-arginine dehydrogenase (= oxidase), 
2-ketoarginine decarboxylase, and 4-guanidinobutyraldehyde dehydrogenase 
and 4-guanidinobutyrate amidinohydrolase (=guanidinobutyrase)^^^. The 
R aeruginosa PAOl pathway enzymes seem to be similarly regulated, except 
that the synthesis of D-arginine dehydrogenase is induced by D-arginine. In 
this strain 2-ketoarginine induces 4-guanidinobutyraldehyde dehydrogenase 
(KauB) synthesis and 4-guanidinobutyrate expresses guanidinobutyrase 
synthesis'^^ The regulation of 2-ketoarginine decarboxylase synthesis has not 
been studied in strain PAOl and the decarboxylase and dehydrogenase genes 
have not been identified in either strain, leaving the regulatory mechanisms 
of these genes obscure. Putrescine and 4-guanidinobutyraldehyde as well as 
2-ketoarginine, can provoke KauB formation"^^’ The regulatory gene for 
kauB has not been identified, but the induction response of this gene supports 
the notion that 4-guanidinobutyraldehyde and 4-aminobutyraldehyde are prob- 
able inducers of this gene. The expression of gbuA encoding the last pathway 
enzyme is induced by 4-guanidinobutyrate through the function of GbuR, a 
regulatory protein of the LysR family encoded by the divergent gbuR gene 
upstream of gbuA^^. 

The ADC-putrescine and ADH pathways join at GABA. The GABA 
catabolic enzymes (GabT and GabD) are induced by the upstream intermedi- 
ates, 4-guanidinobutyrate, putrescine, and spermidine (in that order), as well 
as by GABA, in both R aeruginosa and R putida^^’ The gab operons of 
E. coli and B. subtilis are also inducible by GABA, but through a different 
mechanism. The GabC repressor negatively controls the E. coli operon, while 
the GabR protein of B. subtilis is a transcription activator with an autoregula- 
tory property^’ Since genes similar to gabC or gabR have not been found 
around the gabDT operon of R aeruginosa, the regulatory mechanism remains 
unknown. 



6. GLOBAL REGULATION 

Two global regulatory systems, the anaerobic regulator Anr and the 
CbrA-CbrB two-component regulatory proteins, control the anaerobic and 
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aerobic metabolism of arginine, respectively. This section discusses the regula- 
tory mechanisms of the two regulatory systems and considers the physiological 
significance of global controls. 

6.1. Anr 

The anaerobic regulator Anr, a Crp/Fnr-type transcription activator, 
plays the major role in the regulation of the anaerobic functions in R aerugi- 
nosa PAOl, including the nitrate respiration-denitrification pathway^’ 

82 , 103, 107, 109^ synthesis"^^’ cyanide synthesis"^^’ (also see Chapter 27, 
Volume 3), and the ADI pathway^^’ The arcDABC operon is expressed as a 
polycistronic mRNA^^’ The Anr-binding site t TTGAC GTGG ATCAG f cen- 
tered at -41.5 bp from the arcD transcription initiation site is responsible for 
the anaerobic arc expression^^. This sequence resembles the consensus Fnr 
box of E. coli (TTGAL. • . ATCAA I^"^. The ArgR box located at -73.5 bp, 
directly upstream of the Anr box, accounts for auxiliary induction of the arc 
operon by ArgR, as described above. 

In Gram-positive bacteria, the ArcR protein encoded by the arcR gene, 
which is often located within or adjacent to the arc operon (Figure 3), medi- 
ates anaerobic expression of the arc operon. ArcR proteins also belong to the 
Crp/Fnr family of proteins'^’ but share little sequence homology (<20% 

identity) with Anr. The ArcR-binding region between -33 and —65 bp from 
the transcription initiation point of the B. licheniformis arcA gene contains a 
21 -bp sequence similar to the consensus Crp-binding sequence^^. In addition 
to anaerobiosis. Gram-positive bacteria require arginine to express the arc 
operon^’ The binding site for an ArgR/AhrC-type arginine regulator 

on the B. licheniformis arcA promoter is situated immediately upstream of the 
ArcR-binding motif^^’ This promoter-operator topology is analogous to 
that in the arcD promoter of R aeruginosa PAOl (Figure 5), implying that the 
transcription mechanism of the arc operon is similar in R aeruginosa and B. 
licheniformis. Expression of the arc operons of some Gram-positive bacteria 
is subject to catabolite repression by glucose"^’ Conserved catabolite- 
responsive elements {ere), which are binding sequences for CepA (catabolite 
control protein A) of Gram-positive bacteria, have been identified in the arcA 
promoter regions of S. gordonii and Enterococcus faecalis^’ 

Some halobacteria species of Archaea, such as H. salinarium (formerly 
H. halobium), have the ADI pathway for fermentative arginine degradation^ ^ 
The arcACB genes of H. salinarium cluster, but they are separately transcribed 
from their own promoters^ ^ The upstream arcR gene, located in the same ori- 
entation as arcACB, encodes a putative regulatory protein of the IclR family. 
The involvement and regulatory mechanism of the putative regulatory gene in 
anaerobic arcACB expression requires elucidation. 
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6.2. CbrA-CbrB Two-Component Regulatory System 

Two-component regulatory systems, consisting of a sensor/histidine 
kinase (also called a transmitter) and a cognate response regulator, are the par- 
adigm of bacterial adaptation to changes in environmental status such as nutri- 
ent availability, oxygen tension, osmolarity, and cell population (for reviews, 
see the articles in refs [20] and [37]). Environmental signals can trigger 
autophosphorylation of the transmitter in the histidine kinase domain through 
the sensor domain. Subsequent transfer of the phosphate to the receiver 
domain of the response regulator results in activation of the regulator protein^^. 
The active form of the response regulator then induces expression of the genes 
necessary for adaptation to environmental changes. The cbrAB genes were 
identified as being essential for the utilization of arginine or ornithine as car- 
bon sources^®. In an independent study, the same genes were found as positive 
control elements required for a^"^-dependent expression of the lipase (lipAH) 
genes and designated lipQR^^. The putative sensor domain of CbrA having 12 
possible transmembrane helices at the amino-terminal half (residues 1^90) 
has about 20% identity with sodium/solute symporters, and the histidine 
kinase domain at the carboxyl-terminal part (residues 730-983) shares 34% 
identity with E. coli NtrB (also called NRII or GlnG). The CbrB response reg- 
ulator resembles (45% identity) NtrC (NRI or GlnL), which is the cognate 
response regulator of NtrB that modulates the nitrogen-responsive expression 
of glnA (encoding glutamine synthetase) and other nitrogen assimilation genes 
via the a^^^-RNA polymerase holoenzyme in enteric bacteria^^’ The 

CbrA-CbrB pair is structurally similar to, but functionally distinct from, the 
NtrB-NtrC pair; in addition, R aeruginosa PAOl has NtrB and NtrC that 
appear to be structurally and functionally equivalent to the E, coli counterparts 
(http ://www.pseudomonas .com) . 

Mutations of cbrA or cbrB impair the utilization of a wide range of com- 
pounds including amino acids (proline, alanine, histidine, ornithine, and argi- 
nine), polyamines (putrescine, spermidine, and spermine), as well as agmatine, 
gluconate, and citrate^^’ (Figure 6). Such growth phenotypes of the mutants 
coincide with that of an mutant lacking a^"^-factor, further supporting the 
notion that CbrB is a transcription activator of a^^-promoters. In cbrA or cbrB 
mutants, the aot-argR operon is not expressed in the presence of arginine 
(thereby, the aru operon is not activated) and the hut (previously called hiu) 
histidine utilization operon is also not expressed^^. In contrast, the aguBA and 
putAP (=pru) proline utilization operons are normally expressed^^’ The 
inability to utilize agmatine and polyamines is due to a failure of spu operon 
expression, abolishing the formation of putrescine transaminase and the 
spermidine and spermine transport system (see above). 
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Figure 6. Regulation of arginine and polyamine metabolism and other metabolic functions by the 
CbrA-CbrB two-component regulatory system. The current model assumes that under carbon- 
poor conditions CbrB becomes active (CbrB-P) through phosphotransfer from CbrA. When argi- 
nine is present, the aot-argR operon is expressed to promote uptake of the amino acid and ArgR 
synthesis, leading to induction of the AST pathway and other arginine-regulated genes. Histidine 
relieves repression of the hutU operon mediated by the HutC repressor^ and CbrB-P activates 
expression of the hut operon. Polyamines induce a transcription activator for the spuABCDEFGH 
operon with the help of CbrB-P^^. Under carbon-poor conditions, CbrB-P maintains a healthy 
balance of C and N by activating an as yet unknown metabolic enzyme(s). Failure of the C:N con- 
trol might cause the observed growth defects on proline^^. Roles of the two-component system in 
glucose and gluconate utilization are unknown. 



A model describing how CbrB controls the expression of these catabolic 
operons has the following features (Figure 6). The arginine-inducible P2 pro- 
moter of the aot-argR operon and the spuA promoter of the spuABCDEFGH 
operon appear to be a^^-dependent^^’ Such promoter features imply that 
CbrB indirectly modulates these promoters by means of transcription activa- 
tors of a^^-RNA polymerase, similarly, NtrC controls a^^-dependent nitrogen- 
related genes such as put, hut, gdh (glutamate dehydrogenase), and ure 
(urease) via the NAC protein in enteric bacteria^^’ During growth on 
polyamines, PAOl cells, but not cbrB mutant cells, express a protein, 
which can bind to the spuA promoter^^ and which might be an intermediate 
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regulator. However, so far no indication has been obtained that suggests the 
presence of a protein required for activation of the P2 promoter other than 
CbrA-CbrB and ArgR. And no positive regulator appears to be required for hut 
expression, as a hutC mutant devoid of the repressor fully expresses the operon 
in the absence of the inducer^’ Clearly, a more detailed analysis is warranted 

for elucidation of the role of CbrB in the transcription mechanisms of these 
promoters. 

The signal for CbrA might not be compounds metabolized by the 
relevant pathways. CbrA and CbrB functions are required for utilization of 
the amino acids and polyamines only as carbon sources. This implies that 
CbrB may become active when a preferred carbon source (i.e., a TCA cycle 
intermediate such as succinate) is absent (Figure 6). The membrane sensor 
of CbrA might sense concentrations of a TCA cycle intermediate(s) that 
reflects the availability of a carbon source to control autophosphorylation of 
the kinase domain. Alternatively, by analogy with the NtrB-NtrC system 
where PII (the glnB product) controls the amounts of the phosphorylated form 
of NtrC by modulating the phosphatase activity of NtrB, depending on the 
cellular concentrations of 2-ketoglutarate and glutamine^^, a Pll-like pro- 
tein might modulate phosphorylation of CbrB. These hypotheses require 
verification. 

In addition to the regulation of specific pathways, CbrAB appears to 
play an important role in maintenance of a cellular C:N balance (Figure 6). 
Although CbrA or CbrB mutants can normally express the PutA (=PruAB) 
protein (bifunctional proline dehydrogenase/proline 5-carboxylate dehydroge- 
nase^^ [also see Chapter 10, Volume 3], which converts proline into gluta- 
mate), the cbrA and cbrB mutants cannot proliferate on proline. Succinate 
fiilly restores impaired growth of the mutants on proline at = 1 mM, a con- 
centration that is not sufficient to serve as carbon source, whereas 20 mM 
ammonia antagonizes the growth promoted by succinate^^. Escherichia coli 
and some other enteric bacteria utilize amino acids as the sole nitrogen source 
and regulate amino acid metabolism by NtrB-NtrC in response to ammonia 
availability^^. Pseudomonas aeruginosa PAOl utilizes arginine/omithine and 
histidine as the sole source of carbon and nitrogen. During growth on amino 
acids as carbon and nitrogen sources, R aeruginosa PAOl generates and 
secretes large amounts of ammonia into the medium to maintain an optimal 
C:N balance. CbrA-CbrB might control a specific function that is involved in 
the control of C:N balance such as ammonia secretion. Whether the growth 
defect of cbrA or cbrB mutant on alanine as a carbon and nitrogen source and 
on gluconate and citrate as carbon sources with ammonia as a nitrogen source 
is due to the same problem or due to the absence of expression of the 
corresponding catabolic enzymes remains to be explored. 
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7. CONCLUDING REMARKS 

Owing to the presence of four arginine catabolic pathways, R aeruginosa 
PAOl can utilize arginine as an energy source under anaerobic conditions, as 
carbon, energy, and nitrogen sources under aerobic conditions, and as a precur- 
sor of putrescine biosynthesis. The anaerobic ADI pathway and aerobic AST 
pathways are controlled by the anaerobic Anr regulator and by the CbrA-CbrB 
two-component regulatory system, respectively. These pathway genes are tran- 
scribed as single transcription units, allowing simultaneous regulation of the 
pathways. The ADH pathway functions as an arginine catabolic pathway for 
carbon and nitrogen sources in R putida and as a D-arginine catabolic route in 
R aeruginosa. This pathway consists of several distinct transcriptional units that 
are cumulatively induced by pathway intermediates, allowing the utilization of 
exogenous intermediates. 

The metabolic pathway network (Figures 1 and 2) allows R aeruginosa 
PAOl to utilize over 20 compounds as carbon and/or nitrogen sources. This net- 
work consists of a minimal number of catabolic enzymes since the KauB alde- 
hyde dehydrogenase catalyzes three reactions and the AguAB enzymes of the 
ADC pathway perform both agmatine catabolism and putrescine biosynthesis. 

The RNA polymerase holoenzyme is necessary for the formation of 
pili and flagella and expresses various functions necessary for environmental 
adaptation including catabolism of phenolic compound, amino acids, and 
polyamines in R aeruginosa PAOP^’ It is also involved in controlling 
nitrogen assimilation and alginate (extracellular polysaccharide) synthesis^^. 
Thus, the a^"^-holoenzyme of Rseudomonas spp. appears to express a wider 
range of functions than that of enteric bacteria. Arginine/ornithine metabolism 
and polyamine metabolism are controlled by the CbrA-CbrB two-component 
system, in response to a signal of carbon availability. Presumably, this two- 
component system could activate the expression of metabolic pathways when 
preferred carbon sources are not available and, when a preferred carbon source 
is present, also act as a catabolite regulator (Figure 6). Understanding the sig- 
nal for the transmitter and the regulatory mechanism of the response regulator 
will afford further insight into the catabolite control of amino acid and 
polyamine metabolism in pseudomonads^^. 
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1. INTRODUCTION 

Besides their function as building blocks for proteins, certain amino acids 
have other important physiological roles. Such is the case of the non-polar 
imino acid proline and of lysine, a basic amino acid. Proline is accumulated by 
bacterial cells during osmotic stress as one of the prevalent compatible solutes 
that act as osmoprotectants^^’ It is also a precursor in the biosynthesis of 
pyoluteorin, an antifungal compound produced by several Pseudomonas 
fluorescens strains^^’ Lysine is involved in pathogenicity mechanisms in 
Pseudomonas syringae, by conjugation of the amino acid with indole acetic 
acid (lAA). These lAA-lysine conjugates interfere with auxin metabolism in 
plants infected by P syringae, leading to alterations in plant development^^. 
Lysine also participates indirectly in survival of bacteria to low pH, a stress 
situation that triggers lysine decarboxylation to produce cadaverine, which 
reduces outer membrane permeability"^^’ 

Despite their obvious differences in terms of chemical structure, proline 
and lysine biosynthesis are both somewhat related to the arginine biosynthetic 
pathway, described in the previous chapter. As we will see, this connection 
involves certain common intermediaries (resulting in cross-feeding between 
pathways), enzymes with dual functionality, and enzymes that show a close 
evolutionary origin. 

Both proline and lysine can be used by fluorescent Pseudomonas as 
nitrogen and carbon sources. They are among the most abundant amino acids 
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in seed and root exudates^’ and therefore they constitute one of the main 
sources of nutrients in the rhizosphere (the soil region surrounding and under 
the influence of plant roots), an environment where fluorescent Pseudomonas 
can preferentially be found (see the corresponding chapter in Volume 1 for 
details). 

The metabolism of these two amino acids is relatively well characterized 
in different organisms. In Pseudomonas, the enzymology of the two catabolic 
pathways and the specific biochemistry of some of the enzymes involved have 
been established. The genetics of proline catabolism have also been studied to 
a certain extent. However, lysine catabolism is mostly unexplored at the 
genetic level and in terms of the regulatory mechanisms involved. With respect 
to the biosynthetic pathways, some of the reactions have been experimentally 
established, whereas others have to be deduced by comparison with what is 
known in other organisms. 



2. PROLINE BIOSYNTHESIS 

Synthesis of proline follows a similar pathway in all prokaryotes studied 
so far. Three enzymes, the products of the proB, proA and proC genes, 
are responsible for the conversion of L-glutamate into L-proline^’ 

Although proline biosynthesis has not been studied in depth in Pseudomonas, 
the existence of homologues of those three genes in these organisms supports 
the proposed route for proline biosynthesis shown in Figure 1 . The first step, 
catalyzed by glutamate kinase (ProB), converts glutamate in 7 -glutamyl 
phosphate, which is then transformed in glutamyl- 7 -semialdehyde by action of 
a dehydrogenase (ProA). Glutamyl- 7 -semialdehyde is in equilibrium with a 
cyclic compound, A^-pyrroline-5-carboxylic acid, which is converted into 
L-proline by action of the A^-pyrroline-5-carboxylate reductase encoded 
by proC. 

Two other alternative pathways have been described, both resulting in the 
biosynthesis of proline from L-omithine, an intermediate in the metabolism 
of arginine. Ornithine can be directly converted into proline by action of 
L-omithine cyclodeaminase, an enzyme having cyclase and deaminase activi- 
ties^®. The second alternative is the deamination of ornithine resulting in 
glutamyl- 7 -semialdehyde/A^-pyrroline- 5 -carboxylate, a reaction described in 
Clostridium and Staphylococcus^^’ Ornithine aminotransferase activity 
seems also to be present in Pseudomonas^^’ However, it is unlikely that these 
routes are the primary source for proline biosynthesis. This is supported by the 
fact that a proA mutant of Pseudomonas aeruginosa shows proline auxotrophy, 
a defect that can be complemented by growth on ornithine and citrate only 
when a secondary mutation leading to increased ornithine aminotransferase 
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Figure 1. Proposed proline biosynthetic pathway(s) in Pseudomonas. Broken lines indicate 
activities that are secondary or not fully characterized in these organisms. For the sake of clarity, 
in this and all other figures, only some relevant chemical structures are shown. Chemical struc- 
tures were drawn using the free ISIS Draw 2.4 software (MDL Information Systems, Inc.). 

activity is introduced^^. Thus, this ornithine to proline pathway, via glutamyl-y- 
semialdehyde seems to be accidental, and not a true source for proline biosyn- 
thesis. Ornithine cyclodeaminase activity has been reported in R putida, where 
it has been proposed that proline is an intermediate in ornithine catabolism"^^’ 
In the genome of R putida KT2440, three genes coding for putative 
cyclodeaminases can be found, one of them (PP3533) very similar to known 
ornithine cyclodeaminases. It is also worth noting that in this strain there are 
two genes showing similarity to proC, although one of them is more closely 
related to proC homologues of different organisms. The existence of different 
possible enzymatic activities involved in the last step of proline biosynthesis. 
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either by the pro route or the ornithine cyclodeaminase pathway could 
account for the failure in different attempts at obtaining proline auxotrophs of 
R putida KT2440 by random transposon mutagenesis (M.Espinosa-Urgel, 
unpublished). Such redundancy in metabolic pathways seems to be a hallmark 
of this bacterium, and may be a way to ensure key biosynthetic functions under 
any of the diverse environmental situations in which KT2440 thrives. 

The regulation of proline biosynthesis has not been studied in detail and 
only a few data are available. The activity of the first en 2 yme, glutamate kinase, 
shows negative feedback by proline, but there is no transcriptional repression of 
the proBA operon by proline^^ in the case studied. In E aeruginosa, there is an 
indirect effect of OruR, a regulator controlling ornithine utilization, which 
affects proline synthesis via the ornithine pathway^^. Also, given its role as an 
osmoprotectant, it could be postulated that changes in the medium osmolarity 
influence proline synthesis, as is the case in other organisms^ ^ However, it is 
important to note that, contrary to many microorgmims, proB and pro A are not 
organized as an operon in the Pseudomonas species sequenced to date, being 
located in separate regions of the chromosome. Thus, it is possible that the 
regulation of these two genes is also different in these organisms. 



3. PROLINE TRANSPORT AND CATABOLISM 

Proline transport is still poorly characterized at the molecular level in 
Pseudomonas. In other microorganisms, the way by which proline is incorpo- 
rated into the cell varies depending on whether proline transport is the result 
of an osmotic stress situation or of proline being available as a primary 
nutrient. The differences begin at the outer membrane level. In Escherichia 
coli grown in low osmolarity media, the OmpF porin facilitates proline 
passage across the outer membrane and into the periplasm. An increase in 
the medium osmolarity causes the activation of the osmotic stress response, 
which leads to the overexpression of OmpC^^. This porin also facilitates pro- 
line transport to the periplasm. From there, two osmolarity-dependent proline 
transporters, ProP and ProU, incorporate the amino acid into the cell. The 
structure of these permeases is different. ProP is a single integral membrane 
protein of the major facilitator superfamily (MFS), whereas ProU is an ABC 
transporter. Its components (an ATPase, an inner membrane protein and a 
periplasmic fusion protein) are encoded by the proVWX operon. In enteric 
bacteria, expression of proP and proVWX is induced under hyperosmotic 
conditions as well as by the stationary phase sigma factor (see refs [22], 
[28]). The osmotic stress response also leads to a blockage of proline cata- 
bolism, so that the amino acid does not enter a futile cycle of accumulation/ 
degradatioml3iosynthesis and is accumulated as an osmoprotectant^. 
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The role of proline as an osmoprotectant in Pseudomonas awaits 
detailed investigation. At least two operons coding for proteins similar to the 
ProU transporter components can be found in all the sequenced Pseudomonas, 
and therefore it could be expected that osmolarity-dependent transport of 
proline across the cytoplasmic membrane proceeds in a way similar to that 
of enteric bacteria. However, significant differences may exist; proteins with 
some similarity to the MFS transporter ProP can be found in Pseudomonas, 
but only in P putida a homologue very closely related to ProP proteins of 
enteric bacteria (over 80% identical residues) is present. 

The main proline permease under non-stress conditions is the product of 
the putP gene. PutP is an integral membrane protein with 12 transmembrane 
domains acting as a high affinity proline/Na*^ symporter. Other transport 
systems are likely to be active, at least in P putida, since mutants deficient 
in expression of putP are still able to transport the imino aci4 even though 
with lower efficiency than the wild t)q)e^^. It is worth noting the existence in 
Pseudomonas of a homologue of ProY, a cryptic proline transporter that has 
been described in Salmonella typhimurium^^ . Expression of the proY gene has 
not been studied in Pseudomonas. In Salmonella, it has only been observed 
when cloned in multicopy plasmids, and this overexpression can compensate 
putP mutations. 

In Pseudomonas, as in many other microorganisms, proline is converted 
in two steps into glutamate by a bi-functional enzyme encoded by the putA gene 
(Figure 2). The PutA protein has the two activities required for this conversion, 
proline dehydrogenase and A^-pyrroline-5-carboxylate dehydrogenase^^’ 

Two cofactors, FAD“^^ and NAD"^ (or NADP"^) are required by the enzyme to 
catalyze each step, respectively. 

Compared to the other metabolic pathways described in this chapter, the 
proline catabolic pathway is relatively well characterized in Pseudomonas at 
the genetic level. In P putida, the putA gene is located in a cluster with putP. 
Both are divergently transcribed, as is the case in enteric bacteria, from a com- 
mon intergenic regulatory region. Expression of the two genes is induced in the 
presence of proline and by root exudates^^’ The regulatory mechanism 
involves PutA, which in P. putida has a third, non-enzymatic activity, acting as 
a transcriptional repressor^"^. In the absence of proline, PutA binds to the inter- 
genic region between the putA and putP genes, blocking transcription from both 
promoters. The presence of proline prevents this interaction, resulting in the 
activation of the system^"^. The enzymatic and regulatory functions of PutA are 
independent, at least in P. putida, since putA mutants unable to grow on proline 
but maintaining normal levels of expression of the put genes have been 
isolated^^. Expression of the two genes is also dependent on the sigma factor 
involved in nitrogen regulation. However, since no a^"^-dependent promoter 
sequence can be found in the put regulatory region, it has been postulated 
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Proline and Lysine Metabolism 



279 



that would act indirectly via a transcriptional activator A recent report 
indicates that a two-component regulatory system, CbrA-CbrB, which controls 
several carbon and nitrogen utilization pathways in P. aeruginosa, also affects 
proline utilization^^. The effect of cbrA or cbrB mutations on proline utiliza- 
tion is not direct and appears to be due to a metabolic block elsewhere that 
remains to be fully characterized^"^. In R putida, mutants affected in either 
element of a putative two-component regulatory system show reduced growth 
when proline is the only carbon and nitrogen source^^, but this potential 
regulator remains to be characterized in detail. 

Interestingly, the genetic organization and regulation of the put genes in 
R putida and P aeruginosa PAOl is very different^ ^ In this bacterium, both 
genes form an operon controlled by PruR, a protein belonging to the 
AraC/XylS family of transcriptional regulators^ \ encoded by a gene located 
upstream of putA. Put A of R aeruginosa does not have a regulatory activity 
and its sequence differs considerably from its R putida counterpart. In fact, 
the protein lacks the carboxy-terminal region, which is responsible for the 
transcriptional regulatory activity of PutA in R putida. Genes with some simil- 
itude to PruR can be found in the genomes of R putida, R syringae and 
P fluorescens, but this similarity is relatively low (less than 35% identical 
residues). 

Analysis of the genomes of the latter two organisms also reveals that the 
genetic organization of the putA and putP genes is identical to that in R putida, 
with both genes adjacent and divergently oriented. This, and the fact that the 
PutA protein is very similar in sequence and identical in size in the three cases, 
suggests a common regulatory mechanism for proline catabolism, mediated by 
PutA in these bacteria, while R aeruginosa constitutes the exception among 
Pseudomonas. It seems tempting to speculate that these differences are 
somehow a reflection of the different lifestyles between R aeruginosa and 
the other three organisms. However, such correlation is not clear. Although in 
the plant symbiont Sinorhizobium meliloti PutA also controls its synthesis, 
in other soil and plant-associated bacteria such as Agrobacterium tumefaciens 
ov Bradyrhizobium japonicum PutA is not self-regulated. In contrast, in enteric 
bacteria like Salmonella or E. coli, the gene organization and regulation is 
similar to that in P. putida and not to that of the opportunistic human pathogen 
P. aeruginosa. 

4. LYSINE BIOSYNTHESIS 

Two different routes for lysine biosynthesis have been described in 
bacteria, the diaminopimelic pathway and the a-aminoadipate pathway. 
The second was initially identified in the hyperthermophilic bacterium 
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Thermus thermophilus^^ . Genes homologous to those of the aminoadipate 
pathway have so far been only identified in Deinococcus radiodurans and in 
the archaea Pyrococcus horikoshii and Pyrococcus abyssfi^’ Thus, the 
diaminopimelic pathway seems to be widespread among prokaryotes^ \ and it 
is the one that appears to be used by Pseudomonas for lysine biosynthesis. It 
is a key anabolic route, leading to the synthesis of the amino acids lysine, 
methionine and threonine (which is also a precursor for isoleucine synthesis), 
and to meso-diaminopimelic acid, an essential component of the cell wall of 
Gram-negative bacteria. This route is also implicated in the synthesis of 
tabtoxin, a phytotoxic and antimicrobial compound produced by P syringae^^, 
and of an intracellular iron chelator^^, both derived from one of the inter- 
mediaries in the route, tetrahydrodipicolinate. 

The precursor of this pathway is aspartic acid, which is first phosphory- 
lated by aspartate kinase, the product of the lysC gene (although the existence 
of several enzymes catalyzing the ATP-dependent phosphorylation of aspartate 
is common among various microorganisms). The second step is catalyzed by a 
key enzyme in the pathway, aspartate-P-semialdehyde dehydrogenase, encoded 
by the asd gene^^. Mutations in this gene give rise to lysine, methionine and 
threonine auxotrophies, and cause a strict requirement for exogenous addition 
of diaminopimelic acid, necessary for the production of peptidoglycan. This 
characteristic has been exploited to design biological containment systems for 
genetically modified microorganisms^^ and for in vivo expression technology 
(see related chapter in Volume 1). Aspartate- P-semialdehyde dehydrogenase of 
P aeruginosa has been recently purified and its kinetic parameters appear to 
be very similar to those of its E. coli counterpart^^. Aspartate- P-semialdehyde 
is conjugated with pyruvate by DapA (dihydrodipicolinate synthase) and the 
product is further reduced to tetrahydrodipicolinate by DapB^^. Three different 
routes have been proposed to branch out from this compound, although only 
one is generally present in a single organism. Tetrahydrodipicolinate can be 
directly converted into me^o-diaminopimelic acid by diaminopimelate dehy- 
drogenase, or either acylated or succinylated^^ Although the available infor- 
mation is incomplete and somewhat scattere4 it appears that the pathway 
followed by Pseudomonas corresponds to the succinate branch (Figure 3). In 
this route, the aminotransferase enzyme responsible for the incorporation of 
the amino group to V-succinyl ketopymelate (DapC) has been an enigma for a 
long time. A gene encoding A-succinyl diaminopimelate aminotransferase 
(dapC) has been recently identified in Bordetella pertussis^. However, it 
appears that in E. coli this activity is carried out by the product of argD, 
V-acetylomithine aminotransferase, an enzyme in the arginine metabolic 
pathway^^. It is unclear how this step is carried out in Pseudomonas. A gene 
annotated as dapC can be found in the genome of P aeruginosa, coding for a 
protein 67% identical to DapC of B. pertussis. Similar proteins are also present 
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in other sequenced Pseudomonas, and thus, although their actual role remains 
to be elucidated, it seems probable that these proteins carry out the mentioned 
transamination reaction. 

A^-succinyl diaminopimelate is converted into LL-diaminopimelate after 
removal of the succinyl group by DapE (iV-succinyl diaminopimelate desuc- 
cinylase)^ An epimerase, encoded by dapF is then responsible for the conver- 
sion of LL-diaminopimelate into dl (m^5o)-diaminopimelate, which will be 
incorporated in the synthesis of cell wall or act as the direct precursor of 
lysine. This last step of the pathway is carried out by diaminopimelate 
decarboxylase, a constitutively expressed, pyridoxal phosphate-dependent 
enzyme^"^ encoded by lysA, which in the case of R aeruginosa is closely related 
to diaminopimelate decarboxylases of Gram-positive organisms^^. This 
decarboxylase, as well as other enzymes in the route (namely LysC, Asd and 
DapE), are also evolutionarily related to enzymes in the arginine biosynthetic 
pathway^ ^ 

Homologues of lysA, dapA, dapB, asd and dapE are present in all 
sequenced Pseudomonas species, and at least two putative aspartate kinase 
genes can be found in the P putida KT2440 genome, one of them being 90% 
identical to LysC of P aeruginosa. Interestingly, in P putida two homologues 
of dapF, encoding diaminopimelate epimerase can also be found, one closely 
related to dapF of other Pseudomonas and the other showing similarities 
to dapF of Nostoc and some Gram-positive bacteria. As in proline biosyn- 
thesis, there are also two homologues of the last gene of the pathway, lysA, 
although this duplicity is not exclusive of KT2440 but appears also in 
P syringae. Again, of the two proteins one is very similar to diaminopimelate 
decarboxylases of other Pseudomonas, while the other is related to equivalent 
enzymes of Enterobacteriaceae. Intriguingly, in all the SQoyxQWQd Pseudomonas 
species, there is a second gene encoding a protein closely related to aspartate- 
P-semialdehyde dehydrogenase. In P aeruginosa, this gene is located adjacent 
to the actual asd gene. However, this gene is either not functional, or its prod- 
uct has a different activity, since asd mutants of P aeruginosa and P putida 
show all of the previously mentioned auxotrophies. 



5. LYSINE CATABOLISM 

Many Pseudomonas strains can utilize L-lysine as a carbon and nitrogen 
source^’ although some strains of P aeruginosa grow poorly on this amino 
acid as the sole carbon source^. However, derivatives that grow rapidly on 
lysine arise spontaneously during growth on the amino acid. D-lysine can also 
be catabolized, although this capability is limited, and in some cases it is har- 
bored in a plasmid^. The routes for lysine utilization by P aeruginosa and 
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R putida were characterized at the biochemical level in the 1970s, but only 
very recently the genetics of this pathway have begun to be explored in detail^ 
(0. Revelles et al, unpublished). The routes deduced from biochemical and 
physiological studies, as well as from the few genetic data available are shown 
in Figure 4 and Table 1. 

The OprD porin facilitates d- and L-lysine transport across the outer 
membrane"^^. L-lysine then enters the cell by different possible mechanisms: 
a specific lysine/H^ symporter (LysP, characterized in E. coli\ ref [46]) or 
a lysine/arginine permease. In R aeruginosa, proteins similar to both systems 
can be found, a LysP homologue and ArcD, an arginine/omithine antiporter 
which can also act as a lysine/omithine exchanger^^. This antiporter is also 
found in other Rseudomonas, which in R putida is consistent with observations 
suggesting an overlap between lysine and arginine transport systems^^. 

The first step in lysine utilization is a decarboxylation, which can occur 
through two different mechanisms. In the first one (the cadaverine pathway), 
L-lysine is transformed into cadaverine by lysine decarboxylase, a pyridoxal 
phosphate-dependent enzyme. Cadaverine deamination by cadaverine amino- 
transferase leads to a cyclic compound, 1-piperideine, which is converted into 
8-aminovaleric acid by the action of piperideine dehydrogenase. In the alternative 
route (the monooxygenase pathway), L-lysine 2-monooxygenase is responsible 
for the decarboxylation of lysine to render 8-aminovaleramide, which will 
be deaminated by 8-aminovaleramide amidohydrolase to 8-aminovaleric acid"^^. 
Thus, both the cadaverine and the monooxygenase pathways converge in the 



Table 1. Enzymatic activities and lysine catabolic pathways in 
different Pseudomonas strains. 



Organism 


Lysine 

decarbox. 


Lysine 

monoox. 


L-Lysine-6- 

amino 

transf 


Lysine 

racem. 


Main catabolic 
pathway 


R fluorescens^' ^ 


+ + 


+ + + 


+ - 


+ 


Cadaverine/ 

monooxygenase/ 

racemase 


R putida KT2440 


- 


+ + + 


7 


7 


Monooxygenase 


R putida 


- 


+ + 


+ - 


7 


Monooxygenase 


R putida PJCCXim'^ 




+ + 




7 


Monooxygenase/ 

aminotransferase 


R aeruginosa PACL 


+ + 


- 


+ 


7 


Cadaverine 


R multivorans^ 


+ - 




+ 


7 


Amino transferase/ 
racemase? 


R syringae 


(-) 


7 


7 


7 


Undetermined 



'Data from ref. [7]. 

^Data from ref [8]. +: activity present; +-: present but minoritary; absent; (-): no homologue of the gene 
is present, but the activity has not been tested; ?: not determined. 
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Figure 4, Lysine catabolic pathways in Pseudomonas. Broken lines indicate activities that are 
secondary or not well characterized. 
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same molecule, 8-aminovalerate. Although both routes exist in Pseudomonas, 
there seems to be a preference for one or the other in different species (Table 1). 
In P. aeruginosa, the cadaverine pathway constitutes the almost exclusive 
route, and no lysine monooxygenase activity can be detected^, whereas in 
P putida lysine appears to be degraded preferentially via the monooxygenase 
pathway^’ (O. Revelles et ah, unpublished). In fact, cadaverine is used more 
efficiently than lysine as a carbon source by P aeruginosa, given that, at least 
some strains appear to show low expression of lysine decarboxylase^’ 

In contrast, cadaverine is toxic to P putida KT2440 at concentrations over 5 mM 
(O. Revelles et al., unpublished). In the case of P fluorescens, both pathways 
appear to be present, without an obvious preference for one or the other^’ 

Aminovaleric acid is further metabolized by action of the enzyme 
8-aminovalerate aminotransferase, which is encoded in P putida by the davT 
gene. This reaction involves a transamination with a-ketoglutaric acid, and 
renders glutaric acid semialdehyde, which is in turn converted into glutaric 
acid by a dehydrogenase, encoded by davD. The absence of alternative routes 
for aminovalerate metabolism, at least in P putida, is supported by the fact that 
a davT mutant is unable to utilize aminovaleric acid as a carbon or nitrogen 
source^. The genes coding for 8-aminovalerate aminotransferase and glutaric 
semialdehyde dehydrogenase, davT and davD, have so far been characterized 
only in P putida^ where they form an operon (O. Revelles et al, unpublished). 
Similar genes are found in other Pseudomonas species. However, the similar- 
ity of these genes to gabT and gabD (coding for y-aminobutyrate [GABA] 
aminotransferase and succinate semialdehyde dehydrogenase, respec- 
tively, two enzymes in the GABA degradation pathway) make it difficult to 
assign them function without proper experimental evidences. Despite these 
similarities, 8-aminovalerate aminotransferase appears to be very specific for 
8-aminovaleric acid^"^. 

The rest of the genes in either the monooxygenase or the cadaverine path- 
way remain to be identified. The exceptions are a putative aminovaleramidase 
gene of P putida (O. Revelles et al, unpublished) and the lysine decarboxylase 
gene (called cadA in E. coli) for which a homologue is present in the genome of 
P fluorescens. Two possible homologues also exist in P aeruginosa (annotated as 
probable omithine/arginine/lysine decarboxylases), although their similarity with 
known lysine decarboxylases is limited. It could be that the main physiological 
role of these putative decarboxylases is not in lysine degradation, which might 
explain why lysine is not as readily metabolizable as cadaverine by P aeruginosa. 
No cadA homologue can be found in P. syringae, nor in P. putida, consistently 
with the prevalence of the monooxygenase pathway in this last organism. 

Two other possibilities for L-lysine catabolism have been described 
(Table 1). One is through the action of an aminotransferase (lysine-6- 
aminotransferase) acting directly on L-lysine, to render piperideine-6-carboxylate, 
a cyclic intermediary in the catabolism of D-lysine^. D-lysine can be utilized by 
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Pseudomonas, either directly or after isomerization of L-lysine, via piperideine- 
2-carboxylate, pipecolate, piperideine-6-carboxylate and L-aminoadipate 
(Figure 4), rendering L-glutamic acid^’ However, both the isomerization 
and the lysine-6-aminotransferase activity, if present, are secondary. P putida 
mutants blocked in the route for catabolism of L-lysine are unable to grow 
on this L-amino acid, despite the existence of a racemase activity, indicating that 
this activity is insufficient, and that D-lysine is preferentially utilized through 
an independent pathway^^ and not through isomerization. In Pseudomonas 
oleovorans, the racemase and the D-lysine route are plasmid-encoded^. When 
the bacterium is cured of this so-called OCT plasmid, it is no longer able to 
grow on D-lysine, and also shows reduced transport of the amino acid into the 
cell, indicating that besides the enzymatic activities, a specific D-lysine trans- 
porter is also plasmid-encoded^. However, none of the D-lysine utilization genes 
present in this plasmid has been characterized. 

Little is known about the regulatory mechanisms controlling the lysine 
catabolic pathways. Some enzymatic activities are induced by lysine, and 
lysine transport is activated by lysine and pipecolate^’ The first three 
enzymes in the cadaverine route of P aeruginosa are also induced during 
growth on cadaverine^’ Despite the relative independence between the 
D- and the L-lysine pathways, there appears to be cross-induction of some 
enzymatic activities in one pathway by intermediates of the other^^. In 
P putida, expression of the davDTopQxon is increased in the presence of lysine 
or 8-aminovalerate, which appears to be the true inductor^. As with the proline 
catabolic genes, expression of davD and davT is also activated by root 
exudates, both in vitro and in the rhizosphere. Further analysis of the regula- 
tory circuits in lysine catabolism awaits the molecular genetic characterization 
of this complex pathway. 

6. PROLINE AND LYSINE METABOLISM 
GENES IN SEQUENCED Pseudomonas 

The genomic data obtained after the completion of the sequencing 
projects of Pseudomonas strains can provide important clues to link enzymatic 
activities in different metabolic pathways with their corresponding genes, 
by comparison with the data available from other microorganisms. Table 2 
summarizes our current knowledge of the genetics of proline and lysine 
metabolism in Pseudomonas. A comparative list of genes is compiled from 
P. aeruginosa, P putida and P syringae, along with their functions and the 
corresponding locus accession number in each of these three organisms, 
whose genomes are sequenced and fully annotated. The list includes previously 
characterized genes, genes annotated in the databases and others identified by 




Table 2. Genomic survey of functions involved in proline and lysine 
metabolism in sequenced Pseudomonas. 
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put A Proline dehydrogenase, A^-pyrroline-5- PA0782 

carboxylate dehydrogenase (and regulatory^) 

Lysine catabolism 

cadA Lysine decarboxylase (PA 1818) 

(PA 1346) 




Table 2. Continued 
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^Loci corresponding to each gene in P. aeruginosa PAOl, P. putida KT2440 and P syringae DC3000, identified either by annotation 
(from www.tigr.org and www.pseudomonas.com) or by sequence similarity. Loci in brackets show low similarity with the character- 
ized genes, so their actual function is unclear. ^'^davT and davD are annotated as gabT (y-aminobutyrate aminotransferase) and gabD 
(succinate semialdehyde dehydrogenase), but their role in lysine catabolism has been established experimentally in P. putida. 

‘^Except in PAOl. ®PP2774 encodes a fusion protein. ^proY is cryptic in Salmonella. 
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sequence similarity searches with proteins that have been characterized in other 
organisms. These comparative studies have two important facets. First, they 
provide a genetic basis for biochemical observations, such as the already dis- 
cussed absence of a cadA homologue in R putida. These data may also give 
important clues and direct future research in amino acid transport and metabo- 
lism, such as, for example, investigating the actual role of the putative dapC 
gene found in all three strains, or of the homologues of the cryptic ProY 
transporter in proline acquisition. 
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1. ORGANIZATION AND EXPRESSION OF 
trp GENES 

1.1. Overview 

Although the Escherichia coli trp operon is a favored textbook example 
of transcriptional regulation, the arrangement of trp genes and their pattern of 
regulation in E. coli is not at all typicaP^’ Recall that in E. coli, the 

products of five contiguous genes, trpE, {G)D, C(F), B, and A, are required 
for the conversion of chorismate to tryptophan (Figure 1). The operon is neg- 
atively regulated by TrpR (repressor) in response to tryptophan and by a tran- 
scription attenuator whose activity is modulated by acylated tRNA^^'P (see refs 
[66], [67], [119]). The five genes in the operon actually encode seven enzy- 
matic activities since the bifimctional trp(G)D and trpC(F) genes encode 
fusion proteins each of which has two independent enzymatic functions. 

The arrangement of trp genes and the way they are regulated in the 
fluorescent Pseudomonads contrast sharply with the pattern observed in 
E. coli in several important ways. First, and most obvious, in the fluorescent 
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Chorismic Acid (CHA) Anthranilic Acid 




trpC 

COOH -C02,-H20 

H-CH-CHz-O-P 

I OH OH 



deoxyribulose-5-phosphate 




-CH-CH-CH 2 -O-P 
I I 
OH OH 



Indoleglycerol phosphate (InGP) 




Tryptophan 




Figure 1. Biosynthesis of tryptophan. The steps from chorismate to tryptophan and genes whose 
products catalyze each step are indicated. Enzymatic reactions are catalyzed sequentially by 
anthranilate synthase (AS), which acts as an oligomer containing subunits specified by trpE and 
trpG\ phosphoribosyl transferase (PRI); phosphoribosyl anthranilate isomerase (PRAI); indole- 
glycerol phosphate synthase (IGPS); and tryptophan synthase B and A. The subunits of trypto- 
phan synthase fiinction as an oligomer, but can carry out the two steps required for the synthesis 
of tryptophan from InGP and serine separately. For detailed descriptions of these enzymes, 
see refs [27], [28], [82]. 




Activation of Transcription Initiation and Regulation of Tryptophan Biosynthesis 



295 



Pseudomonads, the trp genes are not encoded in a single messenger RNA 
molecule, but instead comprise four discrete transcriptional units encoding 
trpE, trpGDC, trpBA, and trpF. Each gene encodes a monofunctional polypep- 
tide chain. Second, since there is no TrpR homolog in fluorescent 
Pseudomonads, none of the transcription units is regulated by a repressor. The 
primary, and perhaps only, mechanism of tryptophan-mediated regulation of 
trpE and trpGDC transcription is attenuation^^. Furthermore, in at least 
Pseudomonas putida, Pseudomonas syringae, and Pseudomonas aeruginosa, 
trpB and trpA, the genes that encode the subunits of tryptophan synthase, con- 
stitute a single operon that is regulated positively by the product of the trpi 
gene^’ Activation of trpBA also requires indoleglycerol phosphate (InGP), 
a pathway intermediate (Figure 1) and substrate for tryptophan synthase^^ Thus, 
the trpBA operon is regulated only indirectly by tryptophan, primarily through 
feedback inhibition of the first enzyme in the pathway, anthranilate synthase, 
which thereby reduces the synthesis of InGP (see below). Finally, trpF expres- 
sion is not regulated by tryptophan, even in trp auxotrophs^^’ 

While the details of tryptophan biosynthesis have been well understood 
for several decades, the regulatory mechanisms involved still demand attention, 
both because of their importance in understanding gene function and because 
they have had a profound influence on attempts to understand how gene 
rearrangements fuel evolutionary change in biosynthetic pathways^^’ 

TrpI, a member of the LysR family of transcriptional regulators'^’ was 
found initially only in P putida, P aeruginosa, and P syringae^’ 

However, a survey of the NCBI database as of May 1, 2003 revealed trpi 
homologs in the genomes of Pseudomonas fluorescens, Xanthomonas 
axonopodis, Xanthomonas campestris, and Azotobacter vinelandii. These (and 
other) comparative genomic data may ultimately contribute to a clearer under- 
standing at the biochemical level of phylogenetic relationships among the 
fluorescent Pseudomonads and closely related proteobacteria. 

This chapter will focus primarily on tryptophan biosynthesis in fluores- 
cent Pseudomonads or in related species that provide relevant comparisons to 
the pathway in fluorescent Pseudomonads. In addition, the chapter includes new 
information — obtained from the genome database — ^that is especially pertinent 
to understanding the regulation of the pathway. Several reviews of the structure 
and function of trp enzymes have been published previously^^’ 

1.2. Map Location of trp Genes 

It has been known for some time that the map locations of specific 
genes in several pathways vary significantly, even among related species^^’ 
Table 1 compares distances in base pairs (bp) of each of the trp gene clusters 
from the replication origin (actually from the dnaA gene) for several species of 
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Table 1. Chromosomal locations of trp genes. 



Distance from dnaA (million bp)^ 



Species 


Genome size (M) 


trpBA 


trpE 


trpGDC 


trpF 


rpoD 


R aeruginosa 


6.2 


0.038 


0.671 


0.705 


3.5 


0.635 


R putida 


6.2 


0.092 


0.506 


0.510 


2.26 


0.589 


R syringae 


6.4 


0.179 


0.624 


0.653 


4.33 


0.471 


X. campestris 


5.1 


3.02 


0.559 


0.570 


3.02 


4.4 


X. axonopodis 


5.2 


3.17 


0.566 


0.570 


3.17 


4.5 


R. solanacearum 


3.7 


1.54 


0.60 


0.60 


1.54 


1.3 



^Data were taken from the NCBI genome data base as of May 30, 2003. 



Pseudomonads. While the positions of trpBA, trpE, and trpGDC in the 
fluorescent species (homology group I of Palleroni et al^^) are relatively 
constant in relation to the overall size of the genome, the position of trpF 
varies substantially. Distances among the three most closely linked operons, 
and especially between trpE and trpGDC, could easily change due to insertions 
or deletions, integration of prophages, or insertion of transposable elements. 
More substantial differences may involve more dramatic chromosome 
rearrangements. 

In the two Xanthomonas species (homology group V of Palleroni et 
the positions of trpE and trpGDC are fairly close to the positions of the corre- 
sponding genes in group I species, but the position of trpBA is very different; 
furthermore, trpBA and trpF are very tightly linked, separated only by trpL 
In addition, in these two species, the position of rpoD, which was arbitrarily 
chosen as an additional reference point, is dramatically different from its posi- 
tion in the fluorescent Pseudomonads. Finally, in Ralstonia solanacearum 
(formerly Pseudomonas solanacearum), a member of homology group II^®, all 
the trp genes are located within about 1 million bp of each other. This is 
similar, but not as extreme as the clustering of the corresponding genes in 
Burkholderia cepacia (formerly Pseudomonas cepacia), also a member of 
homology group II. Although the gene order in the two species appears to be 
the same, and in both cases the trpABF cluster is linked to leu, all the trp genes 
in B. cepacia are located within a single 28 kb segment^^. 

1.3. Regulation by Tryptophan 

The response of trp genes to exogenous tryptophan in vivo is usually 
much greater in trp auxotrophs than in trp prototrophs, and is greater in enteric 
bacteria than in many Pseudomonads (Table 2). In E. coli trp auxotrophs 
grown in minimal medium, tryptophan decreases trp gene expression by a 
factor of 50-100, compared with a factor of 5-10 in prototrophs. (Prototrophs 
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Table 2. Trp gene organization and regulation by tryptophan. 

Degree of repression^ 



Species 


Gene organization^ 


trpE 


trpDC 


trpF 


trpBA 


E. coli wt 


E-rG-DVrC«FVB-A 


5-10 


5-10 


n.a. 


5-10 


trp aux. 




50-100 


50-100 


n.a. 


50-100 


P. putida wt 


E G-D-C F B-A 


-1.5 


-1 


-1 


-7 


trp aux. 




5-20 


3-6 


-1.4 


6-20*^ 


P. aerug. wt 


E G-D-C F B-A 


-1 


-1 


-1 


8-12 


trp aux. 




3-17 


10-20 


1-1.5 


-200^^ 


C. acidovor^ wt 


E G-D-C F- B-A 


-1 


-1 


-1 


-1 


trp aux. 




-10 


6-40 


-1.2 


-1-4 


A. calc.^ wt 


E G-D-C F-B A 


-1 


-1 


-1.8 


-1 


trp aux. 




-1.6 


-3^ 


-3 


-1.6 



^Operons are underlined; fused genes are denoted by bullets (•). 

’’Enzyme activity in cells grown in the absence (or very low levels) of exogenous trp relative to 
activity in cells grown in the presence of excess trp. 

TSlo induction is seen for auxotrophs unable to synthesize InGP; the auxotroph yielding high trpBA 
expression was trpA~ for P. aeruginosa and trpB~ for P. putidash. 

‘’Formerly called Pseudomonas acidovorans. 

^Precise data for enzyme levels in C. acidovorans trp prototrophs were not presented in the 
indicated reference. 

Abbreviations: n.a., assayed; wt, wild-type; aux., auxotroph. 

References: E.coli^^' P putida^^; P aeruginosa^^ , C. acidovorans^^', A. calcoaceticus^^’ 



are not fully derepressed because of the presence of endogenous tryptophan.) 
Significantly, in cells grown in minimal medium, there is little or no relief 
of attenuation unless specific steps are taken to completely deplete cells of 
endogenous tryptophan^^®. Thus, the data in Table 2 reflect the TrpR-mediated 
effect of tryptophan. Relief of attenuation would increase enzyme levels by an 
additional factor of 6-7. 

Data for several other species (Table 2) contrast sharply with the data for 
E. coli. Enzyme levels in prototrophs are hardly affected by tryptophan; this 
might be expected if the mechanism of regulation of the trpE and trpGDC 
operons were attenuation, since, as mentioned previously, conditions of extreme 
starvation are necessary for complete relief of attenuation in E. coli. 

The data in Table 2 also provide the first clues for a different mode of 
regulation of trpBA. In fluorescent Pseudomonads, which encode trpi, expres- 
sion of trpBA is increased substantially by tryptophan limitation in prototrophs, 
but this is not the case in a close relative, Acinetobacter calcoaceticus^^ , or 
in Comamonas acidovorans (formerly Pseudomonas acidovorans)^^ . (Note 
that in C. acidovorans, a member of homology group III, trpB and trpA are 
separated by at least 250 bp^^.) Furthermore, the level of trpBA expression is 
increased by exogenous tr}^tophan in a trpA or trpB auxotroph, but not in 
trpE, D, C, or F mutants, which are unable to synthesize InGP. Presumably, the 
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very high level of tryptophan synthase B in a aeruginosa trpA mutant is 
due to the accumulation of unusually high levels of InGP when cells are unable 
to convert InGP to indole (Figure 1). Finally, in R putida^^, but not in 
A. calcoaceticus^^, the level of tryptophan synthase B can be induced approx- 
imately 200-fold in a trpA-trpE double mutant in the presence of low levels of 
tryptophan (necessary for cell growth) by the addition of anthranilate (which 
can be converted to InGP in vivo). A similar result — induction of trpBA by 
anthranilate — ^was obtained in a i? aeruginosa mutant blocked in the shikimic 
acid pathway, which is required for the production of chorismic acid (CHA) 
and thus for the synthesis of InGP (and tryptophan)^^. 



2. ACTIVATION OF trpPj^ 

2.1. General Activation Mechanisms 

In general, DNA-bound activator proteins regulate prokaryotic tran- 
scription initiation through direct contact with RNAP^^’ This view is 
supported by: (a) isolation of mutant activators that bind DNA normally but 
fail to activate transcription"^^’ (b) synergistic binding of a promoter- 
specific activator to its target site and RNAP to the promoter"^^’ 

(c) chemical cross-linking between an activator and the a subunit of RNAP^^; 

(d) defects in the response of RNAP to certain activators in vitro when 
73 C-terminal amino acids of a are removed^^; and (e) activation-defective 
phenotypes of point mutations in the a gene (rpoA) in vitro and in vivo^^’ 

In these cases, the activator may facilitate the binding of the carboxy-terminal 
domain (CTD) of a to a suboptimal upstream recognition sequence located at 
about -50 to -60 relative to the transcription startsite. The prototype of the 
a-CTD recognition sequence is the UP element of the rrnB PI promoter, 
which directly binds the isolated a subunit^’ Activators may also contact 
other RNAP subunits. For example, X cl protein activates the Prm promoter by 
contacting the RNAP a subunit^"^’ and phage N4 single-stranded binding 
protein activates late promoters by interacting with the RNAP P' subunit^^. 

At some promoters, DNA-bending induced by activator binding causes 
distortions in DNA structure that may result in activation independent of 
contact between the activator and RNAP^’ In these cases, the possibility 
of a direct activator-RNAP interaction was not ruled out, but there is strong 
evidence that a DNA distortion induced by bending is entirely responsible for 
activation of the UvPq promoter^^. The isolation of activator (CAP-cAMP) 
mutants that bend DNA normally but fail to activate transcription^^’ 
suggests that bending in many cases may simply facilitate an RNAP-activator 
interaction. DNA bending proteins (such as the integration host factor, IHF) 
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may also facilitate DNA bending (or looping) required for the interaction of an 
upstream activator with RNAP^"^’ For example, in R putida, IHF-mediated 
DNA bending appears to be required to facilitate contact between XylR and 
RNAP at the a^"^-dependent TOL plasmid promoter, Pu^^, At this promoter, 
IHF also directly or indirectly affects the positioning of the a-CTDs in relation 
to a possible UP-like promoter element^^. 

2.2. Trpl-Mediated Gene Activation 

TrpI is a member of the widely dispersed LysR family of transcriptional 
regulatory proteins that have several common features"^^’ They are about 
300 amino acids in length and share extensive amino acid sequence homology, 
especially in the N-terminal 50-75 amino acids, which include the DNA bind- 
ing (helix-tum-helix) domain; they usually function as activators of structural 
genes and repressors of their own synthesis; their activity is affected by a small 
inducer molecule, which usually is an intermediate in the pathway they 
regulate; they are encoded by genes that are transcribed divergently from their 
target operons. Several LysR proteins require the inducer to act at a step 
subsequent to initial DNA binding^"^’ perhaps by altering the 

conformation of the bound activator so that it can interact with RNAP. 

2.2.1. Role of TrpI 

Analysis of the effects of TrpI binding site mutations on activation 
in vitro led us to propose the following model (Model 1) for the activation of 
the trpBA promoter {trpP^^^: (a) A TrpI molecule, presumably a tetramer^^, 
binds to site I, the stronger of two TrpI binding sites (Figure 2) to form com- 
plex 1. Binding to this site represses the promoter {trpP{), but is not suf- 
ficient to activate trpP^. (b) A second TrpI molecule interacts with the first; 
this interaction is very strongly dependent on InGP^^’ (c) The second TrpI 
molecule establishes contacts with site II, which cannot bind TrpI in the 



site I Site II trpPg 

TGTGAG CTGSACA -35 -10 r* 

ATTCGTGAGTTTTC CTGACAGQT TGAAGCAATCTTATCGGTTTCTT TTGCCCGGTGGGGGGA TTAGATT CTGCCCA 
TAAGfCACTCAAAAOOACTGTCCA ACTTCG TTAGAATA GCCAAAGAA AACGGGCCACQCCCCTAATCTAAGACGGGT 
^ -10 1 1 -35 

trpP, GG 

CC(-10C/11C) 

Figure 2. Nucleotide sequence of the trpI-trpBA control region of P. aeruginosa PAC174. 
Transcription startsites for ^r/?/and trpB are indicated by arrows. Consensus -35 and - 10 regions 
of trpP^ and trpP^ are underlined in the upper and lower strand, respectively. The presumed Trp I 
recognition sequence in site I is in italics and the consensus recognition sequence is indicated 
above the actual sequence (see refs [5], [21]). The site II mutation - lOC/1 1C is in the - 10 region 
of trpPi. 
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absence of site I, to form complex 2. (d) TrpI bound to site II interacts with 
RNAP to stimulate transcription from trpP^. 

Since TrpI failed to stimulate transcription initiation in vitro by RNAP 
containing a C-terminal truncation of a, we concluded that Trpl-mediated 
activation required contact with the region of a defined by the truncation"^. 
This would be consistent with the role of TrpI outlined above (step d). However, 
TrpI is unusual in this respect because other activators whose binding sites are 
centered at the corresponding position of their target promoters (at -41 to -42 
with respect to the transcription startsite) are not affected by the a truncation"^’ 
Conceivably, rather than abolishing a direct contact between a and TrpI, the 
truncation abolishes a direct interaction of the a subunit (through its CTD) with 
far upstream sequences of the promoter and this interaction is required for acti- 
vation^^. This possibility leads to a second model for Trpl-mediated activation. 

In Model 2, the steps leading to the establishment of complex 2 are the 
same as in Model 1. However, it is imagined that Trpl-induced DNA bending 
(see below) enables the a-CTD to make contact with an otherwise poorly 
located upstream sequence. The role of TrpI in this regard would resemble that 
of IHF in stimulating transcription from the \ Pli promoter"^®. In the model, 
the CTD is thought to be required for activation, not necessarily because of a 
protein-protein contact between the activator and the CTD, but rather because 
transcription initiation requires the CTD’s interaction with an upstream 
sequence and this interaction is facilitated by DNA bending. However, the 
model does not preclude the possibility that direct contact between the 
CTD and TrpI is also required for activation. In this case, if the CTD and TrpI 
interact, the interacting TrpI tetramer could be the one bound to site I. 

2.2.2. DNA Bending and the Role of Site II in Activation 

A 2-bp substitution in site II (called - lOC/1 1C) caused a defect in acti- 
vation of transcription from trpP^, but had very little effect on TrpI binding to 
site II^^’ In terms of Model 1, the wild-type nucleotide sequence of site II, 
which bears little resemblance to site I, might induce in the bound protein 
a conformation that is essential for subsequent interaction with RNAP to 
stimulate transcription at trpP^ (step d in the scheme outlined above). Such a 
possibility was suggested originally by Martin et aV^ based on a mutational 
analysis of transcriptional activation by AraC and has been supported by 
several studies of other transcriptional activators (e.g.. Salmonella 
typhimurium MetR^"^ and the yeast activator PRTF^^^). 

The phenotype of - lOC/1 1C could be explained (in both Models 1 and 2) 
by an alternative hypothesis — ^that Trpl-induced DNA bending, which is 
required for activation, is somehow affected by the -lOC/llC mutation. 
Direct assays of Trpl-mediated DNA bending^^ revealed that: (a) TrpI bound 
to site I {complex 1) bends DNA by about 65° (with the center of bending in 
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the middle of site I); (b) the calculated angle of bending is the same whether 
complex 1 is formed on a DNA fragment containing only site I or on a frag- 
ment containing both sites; (c) TrpI bound to both sites I and II {complex 2) 
bends DNA by about 85-90° (with the center of bending between sites I and II); 
(d) in no case is the bending angle affected by InGP; (e) the - lOC/1 1C muta- 
tion reduces the calculated bending angle of complex 2 only by about 5°. Thus, 
the effect of - lOC/1 1C on bending is small enough to suggest (but not prove) 
that its phenotype does not result from an effect on bending or some other 
alteration of DNA structure. 

2. 2. 3. TrpI Binding in the Absence of Site II 

A second mutation {subl\ an 8-bp substitution, prevents activation of 
trpP^ and abolishes the site II footprint normally made by TrpI^^. However, in 
the presence of InGP, TrpI can form a complex with subl DNA whose mobility is 
similar to that of the corresponding complex {complex 2) formed on binding of 
TrpI to site II on wild-type DNA. This phenotype suggests that a strong cooper- 
ative interaction between TrpI tetramers bound to sites I and II can occur even 
though the second TrpI tetramer is unable to establish intimate contacts with site 
II DNA (step c in the scheme outlined above). DNA bending studies alluded to 
above revealed that a different substitution for site II also permits InGP-depen- 
dent formation of a complex that migrates in gels with the same mobility as 
complex 2. However, this complex differs from authentic complex 2; its center of 
bending is in the middle of site I and its bending angle is only 75° (ref [98]). 

2.2.4. Role of Sites I and II 

Although there are numerous cases in which binding of a regulatory 
protein to a strong binding site facilitates binding to an adjacent, weaker site, 
in most cases, the protein can bind to the weaker site alone^^’ Remarkably, 
TrpI is completely unable to bind to site II in the absence of site I. 
Nevertheless, hydroxyl radical footprinting identified site II nucleotides that 
were contacted by TrpI in the presence of InGP^^. The phenotype of the 
-lOC/llC mutation, which alters nucleotides protected by TrpI from 
hydroxyl radical attack, suggests that these nucleotides are not strong deter- 
minants of binding specificity. 

A comparison of the intergenic trpI-trpBA control regions (Figure 3) in 
seven species in which trpi hsis been identified (see Section 5.1), reveals a puta- 
tive site I recognition sequence, TGTGAG-N5-CTGACA (Figure 3), which is 
highly conserved. Although this sequence is only partially present 
or not present at all in site II, the region of sequence conservation includes 
site II^. In the four species of fluorescent Pseudomonads listed in Figure 3, 18 of 
23 bp in site I (including 11 of 12 bp in the putative recognition sequence) are 
identical in all three species; in site II, 16 of 23 bp are identical. Inclusion of all 
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ATC rgrGACT TTTC CrGACA GGT 



ACC rGTGACT TTTT CTGACAA GT 



ATT CGTGAG TTTTC CTGACA GGT 



ATC rGTGAG TTTTC CTGACA GGT 



ATC GGTGAG TTTTC CrGACA TAT 



AT ArGTGAG TACA GGrCACA GGT 



AT ArGTGAT TCCAG GrCACA GGT 



Ate t GTGAGTTTTcCTGACAgGT 
AtctGTGAgTtttccTgACAggT 



TGC GGCGATC TTATCGGTTTTCA 



TT GCGCAATC TTATCGGTTTTCA 



TGA AGCAATC TTATCGGTTTCTT 



TGT GGCGATC TTATCGGTTTTCA 



TC GGGTGATC TTATCGCTTTTCG 



TGC GGCGATC TTATCGATTTATC 



TGC AGCAATC TTATCGATTTATC 



TgnnGCnATCTTATCGGTTTtca 
TgngGcnATCTTATCGgTTT tnn 



(P.s.) 



(P.p.) 

(P.a.) 

(P.f.) 



(A.v. ) 



(X.c.) 



(X.a.) 

(Fluor, 
(cons . ) 



Figure 3. Nucleotide sequences of sites I and II in seven species. Indicated sequences are from 
top to bottom: R syringae^; R putida PpGl (L. Eberly and Crawford, I. R, unpublished data); 
R aeruginosa PAC174^*; R fluorescens PfO-1 (NCBI Acc. No. NZ_AAAU02000028); 
A. vinelandii^^; X. campestris^^\ X. axonopodis^^ . The putative TrpI recognition sequence in site I 
is underlined and italicized as is a possible half sequence in site II. The consensus sequences for 
the fluorescent species (Fluor.) and for all seven species (cons.) are indicated. Capital letters 
denote nucleotides present in all seven sequences. 



seven species from Figure 3 in the tabulation only slightly reduces the degree of 
sequence identity: in site 1, 1 1 of 23 bp are conserved; in the putative recognition 
sequence, 8 of 13 bp are conserved; and in site II, 14 of 23 bp are conserved. 
These data suggest that site II is constrained in evolution roughly to the same 
extent as site I. This may be because it specifies the conformation of bound TrpI 
that is required for activation of trpPs. Alternatively, the sequence of site II may 
be required to specify the geometry of Trpl-mediated DNA bending, and thus 
may be a strong determinant of the ability of TrpI to activate trpP^. 



2.2.5. InGP Dependence 

There is less than a two-fold effect of InGP on the TrpI concentration 
required for 50% repression of transcription initiation at trpPi in vitro^^. Chang 
and Crawford^^’ argued for a much stronger effect of InGP on TrpI binding 
to site I (in the absence of RNAP), but their data are difficult to interpret 
because 100% occupancy of site I was not observed in the absence of InGP. 

TrpI binding to site II is strongly stimulated by InGP^^’ but without 
detailed kinetic data, it is difficult to determine whether InGP affects the degree 
of cooperativity, the intrinsic affinity of TrpI for site II, or both. However, nei- 
ther subl nor complete substitution of plasmid DNA for site II^^’ prevents 
InGP-dependent formation of a complex resembling complex 2. 

When a construct was made containing two tandem copies of site I 
(either as an inverted or direct repeat), an unexpected result was obtained^^. 
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InGP was still required for the formation of complex 2 and for cooperative 
binding of TrpI to the two sites. A possible explanation for this result was pro- 
vided by data that suggested that TrpI binding to two strong sites was actually 
less efficient than expected because of interference between binding of TrpI 
tetramers bound to adjacent sites. In this view, InGP could promote formation 
of complex 2 by eliminating interference as well as by promoting a coopera- 
tive interaction between TrpI tetramers. Thus, InGP stimulates cooperativity 
whether or not TrpI can establish tight contacts with site II. In contrast, the 
LysR family member IlvY binds cooperatively to two sites, but cooperativity 
is unaffected by the inducer, acetohydroxybutyrate^^"^. 

Model 2 is attractive because it offers a reasonable explanation of the role 
of site II and InGP in activation. Two sites may be necessary to achieve 
the degree of bending required for the CTD to interact with an upstream 
sequence. Thus, dependence on InGP for binding to site II would allow activa- 
tion to be regulated in response to changing levels of tryptophan in the cell. 
When site I was substituted for site II, the calculated bending angle was about 
1 10-115°, nearly twice the bending angle obtained with site I alone, and signifi- 
cantly greater than the bending angle obtained with wild-type sites I and II^^. 



3, REGULATION OF AND /r/;GZ)C 

No trpR homolog has been identified in fluorescent Pseudomonads^^’ 

92 , 1 10 Qj. Xanthomonads^^, but negative regulation of trpE and trpGDC by tryp- 
tophan has been demonstrated in several species of Pseudomonas (Table 2). 
The isolation of mutants that were resistant to analogs of indole or tryptophan 
and constitutively expressed R putida and R aeruginosa trpE, G, D, and C sug- 
gested that these genes were regulated by a TrpR-like protein^^’ However, 
similar constitutive R putida mutants appear to affect attenuation rather than 
repression^^ and it is likely that this is the sole mechanism of regulating the 
trpE and trpGDC operons in these two species. 

Five R putida Tn5-induced mutants, selected for 5-methyltryptophan- 
resistance and screened for increased expression of trp genes^^, contained 
insertions in the R putida miaA gene^^. The miaA gene product participates in 
modification of adenosines adjacent to the anticodons of several tRNA 
species, including tRNA^^P (see ref [33]). In E. coli, absence of the modifica- 
tion prevents attenuation^^^ 

Assays of enzyme levels in prototrophic R putida (Table 2) indicated 
that, in the presence of excess tryptophan, miaA mutations increase expression 
of trpE between 10- and 30-fold and of trpGDC between 4- and 8-fold. Thus, 
inactivating miaA indirectly stimulates both trpE and trpGDC transcription, 
presumably by inhibiting attenuation. One reason to believe that trpE and 
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trpGDC transcription is regulated only by attenuation is that anthranilate 
synthase (AS I), phosphoribosyl transferase (PRT), and InGP synthetase 
(IGPS) levels are roughly the same in a trpBmiaAy.TnS double mutant in the 
presence of excess tryptophan as they are in a trpB~ miaA^ strain grown in 
limiting tryptophan. Furthermore, levels of these enzymes are decreased by at 
most 40% by added tryptophan in a trp^miaA::Tn5 mutant. 

For P putida trpE, transcription initiates 171 nucleotides upstream 
from the trpE translation initiation codon both in vitro and in vivo^^. Similar 
sequences (Figure 4) occur at corresponding positions upstream from R putida 
and R aeruginosa trpE and trpGDC^^’ and R syringae trpE^^ and trpG^^, 
These transcripts contain potential leader sequences that encode a very highly 
conserved polypeptide M(S/R/K)(V/L)IKA(L/H/F)ARWRWRA, which 
includes two trp residues and is similar to leader peptide sequences identified 
in other species^^’ Similar leader peptides are present upstream from 
A. vinelandii trpE (MKVIKALARWRWRA) and trpG (MRVVKAHARWR- 
WRA), but they could not be found in X. axonopodis or X. campestris. 

The putative leader transcripts contain several potential attenuator RNA 
structures'^’ but the stem-loops are much less stable than those identified in 
known attenuators. Further complications are the absence, in many cases, of 
obvious Shine-Dalgamo sequences for initiation of leader peptide synthesis. 



trpE 



p.p. 
P.a. 
P.s . 



-35 -10 

TTGCGA 'Ni 7- -TAACGT -Ng- 
TTGCGC -Nit -TAGTGT -Ne- 
TTGCCT -Niv -TACTGT -Ne- 



met 

A -Nss ' ATG -N39‘ 

•A -Nss " ATG -Nas- 
•A •N 55 -ATG -N 39 - 



Stop term.? met (trpE) 
•TGA -N43 -TTATT •N22- -AUG 
TGA -N 48 - -TTCTCT- Nit- -AUG 
•TGA •N41-TTTTT •N26 -AUG 



MKVIKALARWRWRA 



trpGDC 

-35 -10 /-^ met stop term.? met(trpG) 

P.p. TTGCGC ••Ni7 * TACTGT - N6 - A- •N45 - ATG - N39 - TGA - N48- AUG 

P.a. TTGCAC- •Ni8 -TATGTT *N7 - A- •N45-.-ACC •N39 ••TGA-N46''TTTT*--- 
P.S. TTGO^C •Ni7 *TAATGT- -Ng - A-I^ATC^ 

M R V IKAHARWRW R^ 
TSLIKAFARWRWRA 

Figure 4. Nucleotide sequences in the putative attenuator regions of trpE and trpGDC in 
Pseudomonas spp. Nucleotide sequences upstream from the R putida (R p\ R aeruginosa (R a), 
and R syringae (R s.) trpE and trpGDC promoters are shown (see text for references). Amino acid 
sequences (shown below the nucleotide sequences) are identical for the putative leader peptides 
preceding trpE in all three species. For trpGDC, the leader peptides are identical in R putida 
and R syringae, but the leader peptide (lowest amino acid sequence in figure) is unusual in 
R aeruginosa (see text). (N„ denotes n nucleotides whose sequence is not specified in the figure.) 
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and in one case {R aeruginosa trpG), the first codon in the putative leader 
sequence specifies threonine rather than methionine. In all cases, the putative 
leader peptide forms the C-terminus of a longer open reading frame. An 
unusual feature of the upstream region of trpE in these three species is that the 
putative leader peptide is the carboxy terminus of a reading frame homologous 
to phosphoglycolase phosphatase (Gph) of E. (GenBank, AB030825), 

although in the E. coli genome gph is not upstream of trpE^. 

While it seems safe to conclude that attenuation is the primary, if not the 
sole, means of regulating these two operons, the details of the mechanism have 
not been elucidated. Direct proof that the putative attenuator is functional and 
regulated by tryptophan would require additional evidence, including, for 
example, the identification of the terminated leader transcript and demonstra- 
tion that it is extended under starvation conditions in trp auxotrophs. 

Note that in Rhizobium meliloti, only the trp(E*G) fusion gene is 
regulated (by attenuation)^, and even in auxotrophic Rhizobium leguminosarum, 
expression of the other trp genes is not significantly affected by exogenous 
tryptophan"^^. 



4. HOW THE PATHWAY WORKS 
4.1. Role of trpi 

The ^r/7/-mediated regulatory circuit is logically the same as that in 
species in which trpB and trpA are repressed by TrpR. InGP is produced (and 
trpP^ is activated) only when trp genes whose products function earlier in the 
pathway are expressed. In wild-type cells (Table 2), endogenous tryptophan 
levels appear to be sufficient to substantially reduce expression of both trpE 
and trpGDC, presumably by attenuation. Thus, addition of exogenous trypto- 
phan results in only a 10-25% decrease in expression of these genes. This is 
to be contrasted with the effect of limiting tryptophan on trpBA transcription, 
where even in prototrophs growth in limiting tryptophan reduces levels of 
tryptophan synthase by a factor of 5-10 (Table 2). This is most likely due 
to feedback regulation of anthranilate synthase, which inhibits the conversion 
of chorismate to anthranilate, resulting in failure to synthesize InGP. Thus, in 
wild-type cells, the most dramatic effect of tryptophan on trp gene expression 
is mediated by a combination of feedback inhibition and the need for InGP and 
TrpI to activate trpBA. 

In experiments with trp auxotrophs, endogenous and exogenous trypto- 
phan are depleted, thus permitting substantially increased expression of most 
trp genes through relief of attenuation. Under these conditions, increased 
expression of trpE and trpGDC is substantial and — ^when InGP synthesis 
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is not blocked — ^the increase in expression of trpBA is even more dramatic 
(Table 2). 

4.2. Feedback Inhibition 

As has been alluded to previously, tryptophan regulates both the tran- 
scription of trp genes and the activity of anthranilate synthase, the first 
enzyme devoted exclusively to tryptophan biosynthesis. Feedback inhibition 
of anthranilate synthase is the most immediate and probably most significant 
cellular response to increased tryptophan levels in prototrophic fluorescent 
Pseudomonads since the effect of tryptophan on synthesis of the first four 
enzymes in the biosynthetic pathway is minimal (Table 2). 

Anthranilate synthase is an oligomer of the form a(3 in fluorescent 
Pseudomonads {Pseudomonas putida, Pseudomonas aeruginosa, and 
Pseudomonas stutzeri) and several other species, including C acidovorans, 

P testosteroni, and B. cepacia^^^ and some enteric species^^’ The larger (a) 
subunit (component I) is the product of trpE, while the smaller (P) subunit (com- 
ponent II) is the product of trpG. The conversion of chorismate to anthranilate 
can be carried out in the presence of NH 3 by the TrpE subunit alone, but the addi- 
tion of component II (TrpG) allows the enzyme to obtain NH3 through the deami- 
dation of glutamine to glutamate. Although component II contains the binding 
site for glutamine, glutamine binds only to the intact oligomer^^^. Whether it is 
catalyzed by component I alone or by the ap oligomer, the synthesis of anthrani- 
late (Figure 1) is actually a two-step reaction^^’ 

chorismate + NH3 -> 2-amino, 4-deoxychorismate 
anthranilate + pyruvate 

The first step, catalyzed by the aminodeoxyisochorismate (ADIC) 
synthase activity of the oligomeric protein, involves addition of an amino 
group and removal of the hydroxyl group from the chorismate ring structure. 
In the second step, the ADIC lyase activity removes the enol-pyruvate side 
chain as pyruvate and “aromatizes” the ring structure to produce anthranilate 
(= o-aminobenzoate). It has been known for some time that the site of feed- 
back regulation is in component X-ray structural studies of the tetrameric 
enzyme from Serratia mercescans^^^ and S. typhimurium^^ have revealed the 
sites of binding of chorismate, glutamate, and tryptophan. Even though the 
sites for tryptophan and chorismate (on component I) do not overlap, inhibi- 
tion by tryptophan is competitive^^®’ because the enzyme can be converted 
from an intermediate form to either of two mutually exclusive ligand-bound 
forms^®^. The enzymatically active form is induced by binding of chorismate, 
while the inactive form is induced when the intermediate binds tryptophan. 
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Thus, each ligand competitively inhibits binding of the other by altering the 
structure of the enzyme. Inhibition of binding of glutamine to component II by 
tryptophan, shown previously to be noncompetitive^^^, is mediated by an overall 
change in conformation of the tetramer when tryptophan binds to component I. 

4.3. Regulation 

In fluorescent Pseudomonads, phosphoribosyl anthranilate isomerase 
(PRAI), the product of trpF, is expressed at fairly low levels both in the pres- 
ence and absence of tryptophan (Table 2). Calhoun et al}^ and Crawford^^ 
pointed out that the level of PRAI normally seen in minimal medium seemed 
sufficient to rapidly process available phosphoribosyl anthranilate. However, 
in fully derepressed cells (e.g., in mutants resistant to tryptophan analogs), 
phosphoribosyl anthranilate accumulates, spontaneously decomposes, and is 
excreted as anthranilate^^. Thus, it is conceivable that even in derepressed 
wild-type cells PRAI levels regulate the synthesis of InGP and thereby indi- 
rectly limit expression of trpBA. 

4.4. DAHP Synthase 

Figure 1 illustrates the sequence of reactions exclusively used in the syn- 
thesis of tryptophan from CHA. However, the shikimic acid pathway (not 
shown in Figure 1) is required for the synthesis of CHA. The key (first) step in 
this pathway — ^the synthesis of deoxy-D-arafc/«o-heptulosonic acid-7-phosphate 
(DAHP) from erythrose-4-phosphate and phosphoenolpyruvate — is catalyzed 
by one or more isoforms of DAHP synthase, whose synthesis and/or activity are 
regulated in most bacterial species by one or more of the end-products of aro- 
matic amino acid biosynthesis (tyrosine, phenylalanine, and tryptophan). In 
E. coli (and all enterics), three paralogous isoforms encoded by aroF, 
aroG, and aroH, are subject to feedback inhibition by tyrosine, phenylalanine, 
and tryptophan, respectively^^’ In addition, aroF and aroG are repressed by 
TyrR in the presence of tyrosine or phenylalanine, respectively^’ while 
aroH is repressed by the trpR repressor in the presence of tryptophan^^’ 

In fluorescent Pseudomonads^^’ two main isoforms of DAHP 

synthase are found in exponential cultures. They correspond functionally and 
evolutionarily to AroF and AroH of E. coli. The major (AroF-like) isoform 
(90% of total activity) is inhibited by tyrosine while the minor (AroH-like) 
isoform (10% of total activity) is inhibited by tryptophan. 

It is not clear whether or not aroF and aroH in fluorescent 
Pseudomonads are regulated transcriptionally. Jensen and coworkers found 
that in all enterics studied, all three DAHP isoforms were subject to transcrip- 
tional control^, but they found no evidence for transcriptional control in group I 




308 



Gary N. Gussin 



(fluorescent) Pseudomonads^’ However, repression of aroFhy tyrosine and 

phenylalanine in R aeruginosa, R putida, and R fluorescens was reported by 
Olekhnovich et al,^^ and Maksimova et alJ^. Repression was not observed for 
the related species R stutzeri and R mendocina and contradictory results were 
obtained for two different strains of R fluorescens^^. In order to observe regu- 
lation of DAMP synthases in the absence of endogenous tyrosine, tryptophan, 
and phenylalanine, aro mutants, blocked at unknown step(s) in the shikimic 
acid pathway were independently isolated for each strain tested^^. Conceivably, 
in some cases, the putative mutation was leaky, permitting repression of aroF 
even in the absence of added amino acid(s). (This explanation requires that a 
corepressor, tyr and/or phe, be synthesized in sufficient quantities to cause 
repression, but not to permit growth on minimal medium,) 

One way to resolve this question would be to find a true homolog of 
TyrR in fluorescent Pseudomonads. A BLAST search of the NCBI database 
yields numerous potential homologs in the genomes of R syringae, R putida, 
and R aeruginosa, but the extent of sequence agreement with E. coli TyrR is 
too low to be able to predict the normal function of each of the homologs in 
the absence of direct genetic or biochemical evidence. The highest ranking 
TyrR homolog identified in a BLAST search is R aeruginosa PhhR, which 
is a positive regulator of an operon encoding phenylalanine hydroxylase; 
this enzyme, which among the y-proteobacteria is unique to group I 
Pseudomonads, produces tyrosine from phenylalanine and permits cell growth 
on phenylalanine or tyrosine as sole carbon source. R aeruginosa PhhR, which 
shares 47% amino acid sequence identity with E. coli TyrR, can repress the 
aroF operon in E. coli, but mutating phhR had no effect on DAHP synthase 
expression in R aeruginosa^^^ . 

Even in studies in which repression of aroF hy tyrosine or phenylalanine 
was demonstrated, there was no evidence for repression of the paralogous 
gene, aroH, in fluorescent Pseudomonads. This would be difficult to demon- 
strate without testing each gene individually, since, as mentioned previously, 
the trp-sensitive isoform constitutes only about 10% of the total DAHP syn- 
thase in the cell. For the same reason, the need for repression of aroH should 
be negligible. 



5. EVOLUTION OF KEY PATHWAY COMPONENTS 
5.1. TrpI 

A survey of the NCBI genome database reveals a homolog to trpi in 
six different strains of R putida, R aeruginosa, and R syringae (all those 
whose sequences have been determined)^’ and in four other 
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Table 3. Degree of amino acid identity among known TrpI sequences^’*^. 





R putida 


R fluor. 


A. vinel 


R aerug. 


X. camp. 


X. axon. 


R syringae^ 


79.9 


81.6 


68.1 


69.5 


58.7 


54.5 


R putida 




76.4 


72.8 


70.0 


60.4 


57.1 


R fluorescens^ 






67.9 


67.5 


57.7 


54.5 


A. vinelandif 








132 


60.1 


56.0 


R aeruginosa 










57.0 


55.5 


X. campestris 












75.3 



^Percentage of identical amino acids (number of identities divided by length of longer of the two sequences). 
’’Sequences used: R syringae strain PS224^; R putida PpGl. (Eberly and Crawford, unpublished data; 
see ref [5]); R fluorescens PfO-1 (NCBI Accession no. ZP_00086671.1); A. vinelandii (NCBI 
Accession no. NZ_AAAU02000028); R aeruginosa PAC174^’; X. campestris pv. campestris str. 

ATCC 33913^^; X. axonopodis pv. citri str. 306^^. 

‘^The sequences of two R syringae strains (PS224 and pv. tomato strain DC3000, ref [10]) differ from 
each other to a greater extent than do sequences of separate strains of R aeruginosa and R putida. 

For TrpI from the two R syringae strains, the degree of sequence identity is 80.4%. 

‘’Alignment of R fluorescens TrpI required deletion of an A;T bp and one of three G:C bp, which are 
located 77 bp and 16, 17, or 18 bp preceding the inferred translation start codon (GUG) in the NCBI 
sequence (see text). 

®The NCBI sequence includes 20 additional amino acids in the correct reading frame at the N-terminus of 
the inferred amino acid sequence; these amino acids were excluded from the calculation of sequence identity. 



species: R fluorescens (NCBI accession no. AABA01000149) A. vinelandii 
(NCBI accession no. NZ AAAU02000028), X. axonopodis^ and 
X. campestris^^. The criteria for concluding that these homologs are authentic 
trpi are the following: (a) They are adjacent to, and transcribed divergently 
from, homologs to trpB and trpA\ (b) the inferred amino acid sequence of each 
putative Trpi shares at least 55% sequence identity with Trpi of the three 
species of fluorescent Pseudomonads in which it was originally discovered 
(Table 3). (c) The intergenic control region containing sites I and II shares sig- 
nificant nucleotide sequence identity with the corresponding sites in the three 
original species (Figure 3). Non-TrpI LysR family members were identified by 
a BLAST search as homologs of Trpi, but these share no more than 38% 
sequence identity with putative Trpi proteins and do not share the prototypical 
gene arrangement {trpI-trpBA). Whether the newly-identified trpi genes 
are functional remains to be determined. Indeed, the R fluorescens PfD-I 
sequence in the database is a truncated version that is missing 87 amino acids 
from its N-terminus. However, the entire Trpi sequence can be deduced if 2 bp 
(separated by 60 bp within the N-terminal domain) are deleted. The two 
“extra” bp could reflect sequencing error or the possible conversion of Irpl mto 
a pseudogene through genetic drift. 

The phylogenetic relationships among these species has been exten- 
sively investigated^’ Abbreviated versions of two alternative phylogenetic 
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E. coli 

Serratia marcescens 
Proteus mirabilis 

Alteromonas putrefaciens 
Oceanospiiillum spp. 

Group \fW Pseudomonads 
Acinetobacter spp. 



£. coli 



' Serratia marcescens 

Shewanella putrefaciens 

Alteromonas spp. 

Oceanospirillum spp. 

Pseudomonas Group I 

Acinetobacter calcoaceticus 

Xanthomonas spp. 

Figure 5. Phylogenetic relationships among y-proteobacteria. Abbreviated phytogenies, based on 
16S rDNA sequences, are taken from ref. [56] (upper) and ref [4] (lower). In the upper phytogeny, 
the branches corresponding to fluorescent Pseudomonads (group I) md Xanthomonas spp. (group V) 
are merged. 



trees that have been presented (Figure 5) reveal an interesting difference. 
Both trees were deduced from 16S rDNA sequences, but the lower tree reflects 
a much larger data sef^. In this tree, the earliest branch point in the 7 subdivi- 
sion of the proteobacteria separates the Xanthomonas group from all other 
branches, including an early branch that includes A. calcoaceticus. In the upper 
tree^^, A. calcoaceticus diverges at the first branchpoint mdXanthomonads are 
placed in the same branch as the fluorescent Pseudomonads (Figure 5). 
Precisely where the Xanthomonads and fluorescent Pseudomonads diverge is 
not so important for this discussion as the question of their position relative to 
that of A. calcoaceticus. 

The presence of a trpi homolog in genomes of two Xanthomonas 
species^^ but its absence, at least according to physiological data (Table 2), 
in^. calcoaceticus makes some version of the upper tree in Figure 5 (see ref [56]) 
appear to be more likely, since the easiest explanation is that trpI arose after 
the divergence of the “group IN pseudomonads” from a common ancestor, but 
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before the separation of group I (fluorescent Pseudomonads) from group V 
(Xanthomonas group). The existence of trpi in A. vinelandii is consistent with 
either phylogenetic tree, since the rRNA sequence homology between 
A. vinelandii mdP aeruginosa is approximately 96% (see ref [4]), which would 
place A. vinelandii in group I according to the classification of Palleroni et al^^. 

The data in Table 1 suggest that at one point trpF, trpB, and trpA were 
tightly linked, and that trpI mny have arisen following insertion of an ancestral 
lysR-likQ gene between genes B and F. Subsequently, trpIBA would have been 
kept together because both the trpBA and trpI promoters overlap the TrpI 
binding sites (Figure 2), but since trpF is unregulated its position could be 
completely independent of the positions of the other trp genes. 

Palleroni ’s original scheme^® subdivided the Pseudomonads into five 
groups. In addition to those already mentioned, groups II and III are in the 
P subdivision and Group IV is in the a subdivision of the proteobacteria. 
Many of the original species names have been changed from Pseudomonas 
spp. to Burkholderia spp. or Ralstonia spp. (Group II), Comamonas spp. 
(Group III), or Brevundimonas spp. (Group IV). Very little work has been done 
on gene regulation in these taxa, but data obtained for the P subdivision 
species, C acidovorans, indicate that it does not have trpi (Table 2). 

Two additional species, P mendocina (group I) and Pseudomonas 
marginata (group II), were examined through the isolation and characteriza- 
tion of trp auxotrophs^^. In neither species was there evidence for regulation 
of trpB by tryptophan. Absence of trpi in a member of group II {P marginata) 
is not surprising, but since P mendocina is closely related to P aeruginosa^, 
the absence of trpi in this species is unexpected. However, the evidence on 
which this conclusion is based comes primarily from the phenotype of a single 
trpA mutant. Clearly, additional genomic data will be necessary to verify this 
result and ultimately to help determine the evolutionary origin of trpi. 

5.2. Anthranilate Synthase 

Anthranilate synthases are part of an intriguing web of inter-related 
enzymatic activities that are especially relevant to considerations of the way 
related enzymes can evolve through gene duplication, fusion, and divergence^^. 
The synthesis of p-aminobenzoic acid (PABA) from chorismate is analogous 
biochemically to the synthesis of anthranilate (o-aminobenzoic acid)^^’ In 
fact, some of the gene products involved are clearly homologous^^’ 
Although both the synthase and lyase activities of anthranilate synthase are 
encoded in a single protein, the two-step synthesis of PABA requires two 
separate enzymes. The first enzyme (the synthase) consists of two subunits, 
PabA and PabB, which are homologs of TrpG and TrpE, respectively^^’ but 
are unable by themselves to perform the lyase function characteristic of 
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anthranilate synthase. Lyase activity requires the product of a third gene, 
pabC^^. In spite of the need for pabC, the two gene pairs, trpG/trpE and 
pabA/pabB are in fact homologous. Both pairs of genes are found in E. coli and 
other enterics, but in at least three species {Bacillus subtilis, A, calcoaceticus, 
and C. acidovorans), the glutamine amidotransferase function (trpG/pabA) of 
both synthases is the product of the same gene^^’ 

In P. aeruginosa, this situation is even more complicated because of the 
existence of a second anthranilate synthase, encoded by genes phnA and phnB. 
This anthranilate synthase was originally thought to be part of the pathway 
leading to the synthesis of the fluorescent compound pyocyanin (a derivative 
of phenazine)^®. Starting with a trpE knockout mutant, it was possible to select 
revertants able to grow in the absence of tryptophan. These revertants turned 
out to be over-expressors of phnA and phnB. Their survival indicates that under 
conditions of over-expression, but not in wild-type cells, phnA and phnB 
produce substantial quantities of anthranilate that can serve as precursor to 
tryptophan. 

However, the actual role of phnA and phnB in R aeruginosa has been 
called into question by the identification of a cluster of seven genes (phzA-G) 
responsible for phenazine biosynthesis in Pseudomonas aureofaciens^^ , 
Pseudomonas fluorescens^^ , and Pseudomonas chlororaphis^^ and of two 
nearly-identical clusters in P aeruginosa^ ^ . Each cluster contains a gQm,phzE, 
that resembles a trpE^trpG fusion and is responsible for the conversion of cho- 
rismate to 3 -hydroxy anthranilate. Thus, anthranilic acid is apparently not an 
intermediate in the formation of phenazine. Furthermore, Mavrodi et alJ^ 
presented evidence suggesting that phnAB is not directly involved in 
phenazine synthesis when the phzA-G pathway is active. Still, there is agree- 
ment that phnAB in some mysterious way influences pyocyanin synthesis^^. 

Regardless of the actual biological role of phnAB, the degree of sequence 
similarity among various homologs^^, particularly of trpG, phnB, and pabA led 
Crawford and Milkman^® to propose an unexpected pattern of evolution of the 
corresponding genes: (a) It was proposed that trpGoArpE^, which existed before 
the divergence of the y-proteobacteria, participated in the synthesis 
of both anthranilate and PABA. (b) Duplication of these genes early in 
the 7-proteobacteria lineage produced two gene pairs: trpGj-trpEj and trpG2~ 
trpE2. (c) In the enterics, trpGj-trpE jhQCdimQ modern-day trpG and trpE, while 
trpG2~trpE2 became modern-day pabA and pabB. In P aeruginosa, trpG2‘trpE2 
became modern-day trpG and trpE, while trpGj-trpEj became modern-day 
phnB and phnA. Thus, trpG of R aeruginosa is more closely related to pabA 
than to trpG of the enterics and phnB of P aeruginosa is more closely related 
to trpG than to pabA of the enterics^^’ 

Recently, the structure of PabB of E. coli was shown to contain a tightly- 
bound tryptophan molecule in precisely the site at which tryptophan mediates 
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feedback regulation of the TrpE subunit of anthranilate synthase(s)^'^. Since 
tryptophan does not regulate the activity of PABA synthase, its presence in 
crystals of PabB may reflect evolutionary modification of its role as a feed- 
back inhibitor to an essential role in maintaining the structure of the enzyme. 

A particularly puzzling question is what provides pabA, B, and C func- 
tion for R aeruginosa. A phnA-trpE double mutant was found to grow 
normally on minimal medium supplemented with tryptophan^^, strongly 
suggesting that neither gene product is essential for PABA synthesis in 
R aeruginosa. Yet, the genomes of R. aeruginosa, R. putida, and R, syringae 
contain no obvious pabB, pabA, or pabC homologs. Given the apparent 
homology switch suggested by Crawford and Milkman^®, it can not be certain 
from amino acid sequence homology alone, which function a particular 
homolog might actually serve. 

5.3. DAHP Synthase 

Jensen and coworkers suggested an intriguing scenario for the evolution 
of DAHP isoforms in the y-proteobacteria^^’ It was proposed that an ances- 
tor preceding the divergence of the y-proteobacteria possessed two isoforms of 
DAHP synthase, called DS-0 and DS-Y. The former was not subject to 
feedback inhibition, while the latter was inhibited by tyrosine. These forms are 
present in two of the earliest species in this group, Oceanospirllum minutulum 
and A. calcoaceticus (only A. calcoaceticus is shown in Figure 5). At some 
point prior to divergence of the fluorescent Pseudomonads and, according to 
Jensen’s hypothesis, the Xanthomonads, DS-0 acquired responsiveness to 
tryptophan and CHA and became DS-W. Subsequently, DS-W was duplicated 
to produce the third isoform, DS-F. These three isoforms are found in all 
enteric lineages, though there is variable responsiveness of DS-W to CHA and 
in some cases, the response to CHA is much more pronounced than the 
response to tryptophan. To complete the scenario, it was hypothesized that, in 
group V Pseudomonads (Xanthomonas spp.), DS-Y had been lost and DS-W 
had become more sensitive to CHA than to tryptophan^ 

However, it is now apparent that the evolution of DAHP synthases is 
much more complicated. There are, in fact, two major families, called AroAj 
and AroAn- The AroAj family is largely composed of those synthases that are 
used in aromatic amino acid biosynthesis, including the two isoforms in fluo- 
rescent Pseudomonads and the three isoforms in enterics. The AroAn family 
includes enzymes specified by the phzC genes in the phenazine gene clusters 
of R. aeruginosa and other fluorescent Pseudomonads, as well as homologs 
(of bacterial origin) found in plants and fungi"^^’ Most of the group II 
enzymes are not feedback inhibited; in bacteria, the phz operon is expressed 
only in stationary phase, and may be subject to quorum-sensing control^^’ 
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The interesting fact is that in several species, including X. campestris, the 
AroAji enzyme, the only isoform present, has acquired a binding site for feed- 
back regulation, is no longer restricted in its synthesis to stationary phase, and 
must be responsible for biosynthesis of aromatic amino acids^^. At least in the 
case of X. campestris, it thus appears that previously existing AroAj paralog(s) 
have been lost and have been functionally replaced by a pre-existing AroAn 
enzyme. A phylogeny of the DAHP homologs representing both families^^ 
reflects potential problems — including gene duplication, gene loss, gene 
fusion, and perhaps lateral transfer — ^that complicate attempt to understand 
bacterial gene evolution. 

Gene loss within a paralogous set"^^ is also apparent in the existence of 
only one DAHP synthase in K influenzae. In this unusual case, there is a possi- 
ble TrpR binding site upstream from the corresponding gene^^, but the feedback 
inhibition site of the inferred gene product resembles that of the phenylalanine- 
sensitive enzyme, DS-F (AroG). 



6. CONCLUSIONS 

An extensive survey of tryptophan biosynthetic enzymes and the genes 
that encode them led to a key conclusion^^’ The enzymes in the biosynthetic 
pathway are much more highly conserved than the arrangement of the corre- 
sponding genes in transcription units or the mechanisms by which expression 
of the genes is regulated. Largely because of pioneering comparative 
nucleotide sequence studies and enzymologic data, the organization of trp 
genes and regulation of their expression have provided unparalleled opportu- 
nities to explore the evolution of a paradigmatic metabolic pathway^ 

Speculation about the importance of TrpI to fluorescent Pseudomonads 
leads to several potentially interesting conclusions. First, it has been sug- 
gested^^® that repression of trp genes in E. coli and other enterics came late 
in evolution — ^that TrpR’s original function was regulation of aroH, which 
encodes one of the paralogous enzymes essential for the first step in the syn- 
thesis of chorismate, and thus is a key enzyme in tryptophan biosynthesis. 
Presumably, a selective advantage for the evolution of a trp operator would be 
greatest in cells in which the trp genes were transcribed as a single unit. 
Alternatively, repression in enterics might have evolved initially to control 
synthesis of only a single gene (e.g., trpE). Fusion of additional trp genes 
(especially the closely-linked trpGDC operon) to trpE would have allowed for 
coordinate regulation, ultimately leading to the arrangement we see in E. coli 
and its close relatives. Interestingly, Hemophilus influenzae, a member of the 
Pasteurella group"^’ contains two separate trp operons, trpEGDC and trpBA. 
On the other han4 the genes exist in a single operon in H. influenzae'^ very 
close relative, Pasteurella multocidaf^ 
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Failure to evolve repression, by analogy with E. coli, would prevent 
regulation of any part of the pathway at the transcriptional level except under 
conditions of extreme starvation for tryptophan. Thus, Trpl-mediated regula- 
tion of trpBA expression may have provided a selective advantage by allowing 
these genes to respond to tryptophan depletion that is not so severe as that 
required for relief of attenuation. 

Since trpP^ and the Trpl-binding sites overlap and InGP has a modest 
effect on TrpI binding to site I in vitro^^, TrpI will turn down its own synthe- 
sis at the same time that it activates the trpBA operon. (The pattern of regula- 
tion is similar for several other LysR family members, e.g., NahR^^^, IlvY^^"^, 
and MetR^ Apparently, TrpI levels are programmed to be higher when tryp- 
tophan is present and InGP levels are low; thus, the trpBA operon will be 
poised to respond rapidly to depletion of tryptophan, relief of feedback inhi- 
bition, and increased InGP levels. Conversely, in the absence of tryptophan, 
increased synthesis of InGP would increase TrpI binding to site I, thereby 
reducing TrpI levels. This would permit the trpBA operon to be turned off more 
rapidly once tryptophan levels were restored (and the InGP concentration 
decreased). 
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1. INTRODUCTION 

Pseudomonas species inhabit a wide variety of habitats, ranging from the 
human body to soils, the rhizosphere, and the phyllosphere. Like all microorgan- 
isms, they require sulfur for growth, and this is normally provided by assimilation 
of inorganic sulfate. However, many pseudomonads inhabit environments where 
sulfate may not be freely available. In aerobic soils, for instance, inorganic sulfate 
makes up less than 5% of the total sulfur, and most of the residual sulfur is pre- 
sent as peptides/amino acids, sulfate esters, and sulfonates. Much of this sulfonate 
content is derived from plant sulfolipid in the thylakoid membranes, which may 
also provide sulfur for leaf-dwelling pseudomonads. In the human body, other 
sulfur sources are present, such as the neurotransmitter taurine (2-aminoethane- 
sulfonate), sulfated mucins in gut and lung environments, and glycosaminoglycan 
in connective tissue. The importance of sulfur metabolism for pseudomonads is 
underlined by the fact that in Pseudomonas syringae methionine prototrophy is 
required for virulence^, while in Pseudomonas putida loss of the ability to desul- 
furize sulfate esters leads to reduced survival in the soil^"^. 
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Many sulfur-containing compounds are xenobiotic in nature, including 
numerous surfactants and dyestuffs. Biodegradation studies have reported 
many Pseudomonas strains that are able to transform these compounds. 
However, the breadth of the original Pseudomonas classification has meant 
that many of these strains are now assigned to different taxonomic divisions, 
particularly Comamonas, Sphingomonas, and Ralstonia, Since many desul- 
furization mechanisms have been elucidated in these strains, and the relevant 
biochemical pathways are often also present in Pseudomonas species, they are 
included here where necessary. 

Wherever possible, this chapter links biochemical data available in 
the literature to the Pseudomonas genomic data available at the time of 
writing (annotated genome sequences {ox Pseudomonas aeruginosa PA01^^ \ P 
putida KT2440^^ and P syringae DC3000 [TIGR] and sequence data 
for Pseudomonas fluorescens SBW-25 [Wellcome Trust Sanger Institute], for 
which sequencing is essentially complete, but annotation has not been finished). 
Comparison of these genome sequences with genetic data from other strains has 
revealed the flexibility of Pseudomonas strains, and their genetic plasticity. 
Expression of genes related to organosulfur metabolism is upregulated under 
low-sulfur conditions'^’ and the encoded proteins hence often contain lower 
than usual levels of the sulfur-containing amino acids cysteine and methionine. 
The genes for such proteins are clustered in the Pseudomonas genomes, as has 
previously been observed for Escherichia coW^. The clearest example is in the 
P putida KT2440 genome, where the genes for taurine and alkanesulfonate 
metabolism are clustered together with those for cysteine transport, glutathione 
synthesis and uncharacterized genes related to dibenzothiophene (DBT) desul- 
furization. This clustering has not been explored in detail as yet, but is an inter- 
esting facet of microbial sulfur metabolism that deserves increased attention. 

Desulfurization of organosulfur compounds often represents the first step 
in mineralization of those compounds, but by releasing inorganic sulfur it also 
constitutes the initial step in cysteine biosynthesis. This chapter will present an 
overview of the cysteine and methionine biosynthetic pathways, concentrating 
on how the Pseudomonas pathways differ from those known in other bacteria. 
The emphasis in the following sections will then be on desulfurization of 
organosulfur compounds, and how it is regulated in pseudomonads. 



2. CYSTEINE AND METHIONINE METABOLISM 
2.1. Cysteine Biosynthesis in Pseudomonads 

The biosynthesis of cysteine from inorganic sulfate has been extensively 
studied both in eukaryotes and in microorganisms. In bacteria, the pathway has 
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been best characterized for E. coli^^, and many steps in the E. coli pathway 
are very similar to those seen for pseudomonads (Figure 1). Assimilation of 
inorganic sulfate proceeds by transport of inorganic sulfate into the cell by an 
ABC-type transporter consisting of a periplasmic binding protein Sbp, perme- 
ase components CysT and CysW, and an ATPase component CysA — ^thiosulfate 
uptake is catalysed by interaction of the same membrane components with the 
CysP binding protein. Sulfate is activated first to adenosine-5 '-phosphosulfate 
(APS) and then to phosphoadenosine-5 '-phosphosulfate (PAPS) by ATP sulfury- 
lase and APS kinase. PAPS is then reduced by a thioredoxin-dependent PAPS 
reductase to yield sulfite, which is further reduced to sulfide by sulfite reduc- 
tase. This sulfide is then transferred onto the carbon backbone of serine by the 
cysteine synthase complex, generating cysteine. In enteric bacteria, methionine 
is synthesized by transsulfuration of cysteine to homocysteine, followed by 
methylation to afford methionine. 

Cysteine and methionine biosynthesis in pseudomonads differs from the 
paradigm presented in enteric bacteria in a number of important ways, and the 
overall pathway is shown in Figure 1. Analysis of the R aeruginosa, R putida, 
and R syringae genome sequences reveals the presence of an ABC-type 
transporter for sulfate/thiosulfate in all three species {sbp-cysTWA, with an 
unlinked cysR gene in R aeruginosa and R syringae, whereas R putida con- 
tains cysRTWA, and an unlinked sbp gene). Expression of sbp has been shown 
to be upregulated under sulfate-limited conditions in R aeruginosa^^ , and it 
therefore seems likely that sulfate uptake in this species is similar to E. coli. 
However, in R aeruginosa, several putative plant-type sulfate transporters of 
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Figure 1. Cysteine biosynthesis in pseudomonads. Gene products shown in bold type have 
been demonstrated to be active in Pseudomonas species. The remaining gene products are present 
in Pseudomonas genome sequences, and have been assigned by comparison to other species. 
Cysteine conversion to homoserine via cystathionine (dotted arrows) occurs only when cysteine 
is supplied as sulfur source Sulfur from sulfate esters enters the pathway at the level of intra- 
cellular sulfate, whereas sulfur from sulfonates is assimilated as sulfite. 
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the SulP family^^’ are also present in the genome. These permeases are 
members of the major facilitator superfamily, and act as sulfate iproton sym- 
porters, but it is not known if they are expressed or active in R aeruginosa, nor 
in R fluorescens and R syringae, where homologues are also present. 

Activation of sulfate to APS requires the cysD and cysN genes, encod- 
ing the two subunits of ATP sulfurylase. In all four Rseudomonas genomes that 
have been sequenced to date, the cysD and cysNgQnQS form a putative operon, 
and the cysN gene is fused to a terminal domain with high similarity to the 
cysC gene of other bacteria. Since cysC encodes APS kinase, this would sug- 
gest that sulfate is rapidly converted into PAPS in pseudomonads. However, 
two lines of evidence oppose this. Firstly, the R aeruginosa cysN gene will not 
restore growth to an E. coli cysC mutant, suggesting that the C-terminal, cysC- 
like domain of R aeruginosa CysN is not active as an APS kinase (M. Kertesz, 
unpublished results). Secondly, R aeruginosa also contains a separate, single- 
domain CysC protein, which contains the conserved Ser-105 which is 
phosphorylated as part of the catalytic mechanism in E. coli CysC^®^. 
Interestingly, the fused CysNC proteins from the Rseudomonas genome 
sequences all lack this active site serine (changed to an alanine), suggesting 
that the cysC-likQ domain may be inactive in all cases. Mutant studies have 
confirmed that R aeruginosa cysN is required for sulfate assimilation^^, so the 
N-terminal portion is presumably active in sulfate activation. 

In fact, a functional APS kinase (CysC) is not required for cysteine 
biosynthesis in pseudomonads, since R aeruginosa cysH does not encode a 
PAPS reductase, as in E, coli, but an APS reductase^^, and PAPS is therefore 
entirely bypassed in the cysteine biosynthetic pathway. The specificity of the 
purified R aeruginosa CysH protein as an APS reductase but not a PAPS 
reductase appears to be due to the presence of a [4Fe-4S] cluster that is absent 
in the PAPS-reducing enzyme from E. colfi^. Unlike plant APS reductases, 
R aeruginosa CysH does not possess a thioredoxin-like domain, and the enzyme 
requires added thioredoxin for maximum activity^^. Phylogenetic analysis 
showed the presence of an APS reductase in a variety of pseudomonads 
{Rseudomonas, Burkholderia, Ralstonia, Sphingomonas), and the PAPS 
reduction pathway seems to be confined to enterobacteria, yeasts and fungi, 
and some cyanobacteria^^. PAPS may still be required by the cell as a sulfur 
donor in sulfation reactions, and this is reflected in the presence of a cysC gene 
in R aeruginosa and R syringae (although this gene appears to be absent 
from the R putida genome). 

Reduction of APS yields sulfite, and this is further reduced to sulfide 
by a sulfite reductase. In pseudomonads, this step is probably catalysed by a 
similar enzyme to the NADPH-dependent sulfite reductase that is found 
in enterobacteria, consisting of flavoprotein (CysJ) and heme-protein (Cysl) 
subunits. The cysl gene has been shown to be required for the growth of 
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R aeruginosa with either sulfate or sulfite as sulfur source, confirming its 
importance in sulfite reduction"^^. However, the only cysJ homologue in this 
species is the C-terminal domain of an iron-regulated gene and though 
this link between cysteine biosynthesis and iron supply is a fascinating one, 
it needs to be confirmed at a biochemical level. The piuB-cysJ fusion is con- 
served in all four sequenced Pseudomonas genomes, cysl and piuB-cysJ 
are located separately from each other in R putida and R aeruginosa, unlike 
the situation in E. coli where cysJIH constitutes a single transcriptional unit. 
Sulfite reductase is an important enzyme in assimilation of organosulfiir com- 
pounds, since the sulfur moiety of sulfonates and DMSO is released as sulfite, 
which can then be further assimilated to cysteine or methionine. 

Synthesis of cysteine from 0-acetylserine and sulfide has not been stud- 
ied in any detail in pseudomonads. In E. coli, this step is catalyzed by two pyri- 
doxal phosphate-dependent isozymes, designated 0-acetylserine sulfhydrylase 
A and B, and encoded by the cysK and cysM genes, respectively. Each of the 
sequenced Pseudomonas genomes contains homologues of both of these 
isozymes, and it seems likely that their biochemistry is similar to that reported 
in enterobacteria. 

In R aeruginosa and in R putida, cysteine is synthesized from sulfide 
by sulfhydrylation of acetylserine, as in enteric bacteria^^^. However, the 
sulfide generated by sulfate assimilation is also used for the direct synthesis 
of homocysteine by an 0-acylhomoserine sulfhydrylase^^. Measurements of 
the acetylserine- and succinylhomoserine sulfhydrylases in cell extracts of 
R aeruginosa and R putida show that the two enzymes were present at similar 
levels of activity^^^ during growth with organosulfiir compounds, but 
sulfhydrylation of (9-succinylhomoserine was reduced by 50% during growth 
of either of the above species with inorganic sulfate. Direct sulfhydrylation of 
succinylhomoserine then leads to methionine in two further steps. 

2.2. Methionine Biosynthesis in Pseudomonads 

The ability to synthesize methionine is essential for protein biosyn- 
thesis, but in several pseudomonads it is also required for virulence and 
pathogenesis, and in R syringae methionine auxotrophs show reduced survival 
in the phyllosphere^’ The reason for this is unclear, since leaf exudates 
are known to contain methionine, and methionine concentrations are not 
growth limiting on leaf surfaces^. As indicated above, synthesis of methionine 
by pseudomonads does not normally proceed via cysteine, but is initiated by 
direct sulfhydrylation of an 0-acylhomoserine derivative. In this respect. 
Pseudomonas species are more similar to fungi and Gram-positive bacteria than 
they are to other Gram-negative species. The nature of the 0-acylhomoserine 
derivative varies between species. In R syringae (9-acetylhomoserine is the 
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sulfhydrylation substrate, and it is generated by the metW and metX gene 
products^. MetX shows homology to homoserine 0-acetyltransferases of 
various species, and homologues are found in all the Pseudomonas genomes 
that have been sequenced. However, the substrate specificity of this enzyme 
appears to vary between species, since in P aeruginosa 0-acetylhomoserine is 
not a substrate for subsequent sulfhydrylation^^, which requires the 0-succinyl 
derivative. It should be pointed out that although Foglino et al. assumed that 
the succinylhomoserine synthase activity was catalyzed by a protein similar to 
E. coli Met A, in fact the gene responsible (mapped at 20' on the PAOl chro- 
mosome^^, and required for methionine prototrophy) corresponds to the metXW 
locus of other pseudomonads. metW is well conserved in a number of species 
and is required for methionine prototrophy^, but its function has not yet been 
clearly elucidated. 

Sulfhydrylation to yield homocysteine is catalyzed by the metZ gene 
product, which is conserved in P aeruginosa, P putida, and P fluorescens. 
metZ encodes the 0-acylhomoserine sulfhydrylase, and metZ mutants of 
P aeruginosa^^ and P putida^ are methionine auxotrophs. However, the 
P aeruginosa metZ mutant was able to grow slowly with cysteine^^, suggest- 
ing that the alternative pathway of cysteine biosynthesis, via transsulfuration 
to cystathionine, is active in this species. This was confirmed by enzyme mea- 
surements in both P putida and P aeruginosa, which showed that cystathion- 
ine P-lyase is strongly upregulated in both these species during growth with 
cysteine as the sole sulfur source^^®. 

Methylation of homocysteine to yield methionine is mediated in many 
microorganisms by two independent methionine synthetases, one of which 
is cobalamin-dependent (MetH), and the other not (MetE). The metH gene is 
present in all the sequenced Pseudomonas genomes, and is highly conserved, 
and a cobalamin-dependent methionine synthase activity has been reported in 
P aeruginosa^^^ . P putida mutants in metE and metH genes were methionine 
prototrophs but the double mutant required exogenous methionine for growth, 
confirming that both pathways are active in this species ^ 



2.3. Methionine Catabolism — Reverse 
Transsulfurylation or Cleavage? 

All four sequenced Pseudomonas species grow well when methionine is 
provided as the sole sulfur source (Table 1), implying that they are able to con- 
vert methionine to cysteine efficiently. The two known metabolic pathways for 
this conversion are (a) desulfurization of methionine to yield methanethiol, 
and re-assimilation of the sulfur, and (b) reverse transsulfuration from methio- 
nine to homocysteine and hence to cysteine via cystathionine. The presence of 
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Table 1. Relative generation times of Pseudomonas species with 
different sole sulfur sources^. 



Relative doubling time 



Sulfur source 
(500 fjiM) 


P. aeruginosa 
PAOl 


P. jluorescens 
SBW25 


P putida 
KT2440 


P syringae 
DC3000 


Sulfate 


100 


100 


100 


100 


Thiosulfate 


90 


108 


96 


101 


Methionine 


120 


no 


114 


152 


Dimethylsulfoxide 


129 


167 


117 


146 


Dimethylsulfone 


134 


211 


125 


206 


KSCN 


87 


— 


102 


— 


Methyl sulfate 


98 


335 


251 


88 


Hexyl sulfate 


107 


114 


— 


411 


Dodecyl sulfate 


87 


193 


— 


— 


N itrophenylsulfate 


109 


116 


112 


105 


Nitrocatechol sulfate 


104 


124 


413 


— 


X-sulfate 


129 


126 


— 


— 


Cyclohexylsulfamate 


121 


— 


289 


— 


Pig mucin 


742 


— 


720 


— 


Methanesulfonate 


104 


107 


99 


112 


Ethanesulfonate 


112 


115 


103 


137 


Pentanesulfonate 


129 


119 


122 


186 


Dodecanesulfonate 


— 


167 


— 


— 


Taurine 


100 


122 


100 


145 


Isethionate 


109 


103 


104 


117 


Cysteate 




176 


333 


220 


Coenzyme M 


115 


139 


120 


128 


MOPS 


121 


113 


121 


195 


PIPES 


143 


207 


227 


— 


Cysteine 


92 


137 


116 


223 


Djenkolic acid 


— 


160 


233 


356 


Glutathione 


— 




— 


— 


Homocysteine 


109 


130 


106 


— 


Dithiothreitol 


— 


516 


487 


— 


Thioglycerol 


— 


200 


— 




^'-Methyl cysteine 


125 


190 


122 


360 


Thioglucose 


92 


140 


96 


112 



Doubling times for each species are normalized relative to the generation time with sulfate as sulfur source. 
^Cells were cultivated with continuous shaking in a microwell plate with 200 p.L of a succinate-based 
minimal medium per well The sulfur sources listed were provided at 500 p.M, and the experiment was 
conducted in a Synergy HT microplate reader (Bio-Tek) with KC4 software. Growth temperatures were 
37°C (P. aeruginosa), 30°C {R putida) or 25°C {P. Jluorescens, P syringae), as appropriate. Generation times 
were determined for each strain in 4-8 independent experiments, and all standard deviations are <10% of 
the mean. Since the strains differ in growth rate, the values given are normalized to the generation time 
with sulfate, which under these growth conditions was: P aeruginosa 99 ± 9 min; P putida 77 ± 3 min; 

P Jluorescens 1 14 ± 8 min; P syringae 182 ± 6 min. 
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H3CX3/CH3 



1 



H3CX3XCH3 



1 



H3CV./CH3 

//% 

0 0 



Methionine 
I MdeA 

H 3 C— SH 

1 

SsuED 

H3^"“®^3^ ► sulfite 

MsuED 



Figure 2. Desulfurization of dimethylsulfide and methionine in P. putida. Conversion of 
dimethylsulfide to methanesulfonate via dimethylsulfone has been demonstrated in R putida 
though the genes responsible are unknown. Cleavage of methionine yields methanethiol"^^, 
and indirect evidence indicates that this thiol is also assimilated via methanesulfonate^^®. 



the latter pathway is characterized phenotypically by the fact that mutant strains 
unable to assimilate sulfate may be rescued by methionine in the growth 
medium, and this is indeed observed in R aeruginosa^^ and in P syringa^. In 
R putida S-313 cells grew normally with methionine even in the presence 
of selenate, which inhibits sulfate assimilation^^®, suggesting that the reverse 
transulfiiration pathway was also active in this species. However, enzyme mea- 
surements revealed that the key enzyme in the pathway, cystathionine- 7 -lyase, 
was inactive during growth with methionine, and that methionine-y-lyase was 
strongly upregulated under these conditions. Conversion of methionine to cys- 
teine therefore appears to proceed via cleavage of methionine to methanethiol, 
oxidation to methanesulfonate, and oxygenolytic cleavage to release sulfite 
(Figure 2). R putida methionine lyase is encoded by the mdeA gene, which in 
R putida ICR3460 is co-transcribed with mdeB^^, The mdeB gene product is 
involved in further metabolism of the a-ketobutyrate produced on dethiomethy- 
lation of methionine"^^. Expression of mdeAB is controlled by a divergently 
encoded positive regulator, MdeR, belonging to the Lrp family"^^. In R putida 
KT2440, the mdeB gene is absent, and its role is presumably played by another 
dehydrogenase. 



3. SULFONATES 

In nature, sulfur is available for bacterial growth in a variety of different 
forms, and not only as inorganic sulfate. Pseudomonas species are very 
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flexible in their ability to use organic sulfur, and can desulfurize many differ- 
ent types of molecules. Organosulfur compounds can be subdivided into those 
where the sulfur is directly linked to the carbon chain and those where the link- 
age is via an oxygen or nitrogen atom. The first form is typified by the sul- 
fonate moiety (C-SO 3 H), whereas sulfate esters (C-O-SO 3 H) or sulfamates 
(C-NH-SO 3 H) are members of the second group. It should be noted that the 
former group also includes sulfur-containing heterocycles and heteroaromat- 
ics, and these are not well desulfurized by pseudomonads. Table 1 lists relative 
generation times for the four sequenced Pseudomonas species, cultivated in a 
succinate-minimal medium with a variety of different sulfur sources. For pur- 
poses of comparison, the values given are normalized to the growth rates 
observed with inorganic sulfate. It is immediately apparent that under these 
conditions, the tested strains are not able to grow well with many reduced sul- 
fur compounds, though cysteine itself is readily accepted as a sulfur source by 
all except R syringae. R aeruginosa accepts the most diverse range of sub- 
strates, including a range of sulfate esters and sulfamates, which are less 
well desulfurized by R fluorescens, and barely accepted as substrates at all 
by R putida KT2440 and R syringae. By contrast, the sulfonates are readily 
desulfurized by all the sequenced Pseudomonas species, though the efficiency 
of utilization varies. This probably reflects the fact that sulfonates make up a 
large proportion of the sulfur found in soils and sediments^^"^’ much of 
which is probably derived from plant sulfolipid, and that methanesulfonate 
is the main biogenic sulfur component in the atmosphere^. 



3.1. Alkanesulfonates 

Pseudomonas isolates that are able to degrade the carbon skeleton of 
simple C 4 -C 12 alkanesulfonates have been known for many years^^’ 
Biochemical studies on these isolates revealed that the initial step in the min- 
eralization pathway is an oxygen-dependent desulfonation to yield the corre- 
sponding aldehyde and sulfite^ The phylogeny of these early isolates 
was not further investigated, but later studies have repeatedly identified 
Delftia (Comamonas) species as degraders of linear and substituted 
alkanesulfonates^^’ In Delftia (Comamonas) acidovorans P53, a putative 
multicomponent monooxygenase responsible for 1 -propanesulfonic acid 
desulfonation has been detected in cell extracts^^. Oxygenolytic cleavage is 
also involved in the degradation of the secondary alkanesulfonate sulfosuc- 
cinate by Pseudomonas sp. Bl, with oxygenation occurring at the a-position to 
the sulfonate group^^. However, the carbon-limited desulfonation of aliphatic 
sulfonates has not been studied in detail in pseudomonads, and although 
methanesulfonate desulfonation by the methanesulfonate monooxygenase 
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system (MSAMO) of methylotrophs is well understood, the biochemistry of 
the two systems is likely to be fundamentally different. 

The ability to degrade alkanesulfonates as carbon sources appears to 
be limited to strains that have been isolated by enrichment for this phenotype. 
By contrast, alkanesulfonates can be readily utilized as sulfur sources by 
many pseudomonads. The range of sulfonates used includes natural 
compounds such as cysteate, taurine and isethionate^®^, but also synthetic 
alkanesulfonates"^^’ including fluorinated molecules^^. Desulfonation leads 
to the corresponding aldehyde, as observed earlier when sulfonates are utilized 
as a carbon source^ However, the enzymes concerned are specific for sulfur 
metabolism, and their synthesis is repressed in the presence of inorganic 
sulfate (originally observed in R aeruginosa by 2D-PAGE^^’ and confirmed 
at transcript level^^). 

Desulfonation of alkanesulfonates to provide sulfur for growth has been 
best studied in a putida isolate, strain S-313. Desulfonation is catalyzed by 
the products of the ssuD and ssuE genes, which encode an FMNH 2 -dependent 
monooxygenase and an NADPH-dependent FMN reductase, respectively^^^ 
(Figure 3 A). SsuE is quite specific for FMN {K^ 9.1 jxM) and NADPH 
{Kfn 0.93 mM), though it will also reduce FAD at a lower rate. SsuD, by con- 
trast, accepts a broad range of sulfonated substrates (K^ [pentanesulfonate] 




Figure 3. Desulfonation of A. alkylsulfonates and B. arylsulfonates in P. putida S-313. 
The sulfonates are transported into the cell by the SsuABC and AtsR/AsfC-AtsBC complexes, 
respectively, and desulfonation is catalyzed by the monooxygenase SsuD. See text for details. 
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149 R putida SsuD requires reduced FMN for desulfonating activity 

in vitro, but this may be provided either by the homologous FMN reductase 
(SsuE), or by the flavin reductase of Vibrio fischeri. It therefore appears that 
the reductase enzyme does not form an essential part of a desulfonating 
enzyme complex, but that FMNH 2 may be supplied from the intracellular pool 
of reduced flavin. 

The ssuE and ssuD genes are contained within a larger operon, 
ssuEADCBF, which also includes genes for an ABC-type transport system 
(ssuABC), and for a putative molybdopterin-binding protein (ssuF)^^ (Figure 4). 
The sulfonate transporter genes ssuABC are not essential for growth of R putida 
with alkanesulfonates^^ — this agrees with studies carried out in E. coli that 
showed that the sulfonate transporters encoded by ssuABC and tauABC over- 
lap in substrate specificity^ ^ In R aeruginosa, the ssu operon is preceded by a 
second, closely related ABC-type transporter, whose function is unexplored, 
and by a gene encoding a thiol-specific antioxidant, LsfA. Synthesis of this 
antioxidant protein is strongly upregulated under sulfate limitation^ \ and it 
may play a role in protecting the cell from oxidative stress caused by over- 
production of SsuE under these conditions, and subsequent autoxidation of 
the FMNH 2 produced. The IsfA gene is present in R putida, R aeruginosa and 



P. aeruginosa PA01 

I IsfA ) > r ssuA2 y I ssuB2 ) > | ssuC2 ^ | ssuE ) > |~ ssuA y\ ssuD ) » | ssuC y | ssuB > [f) 
I msuE^I msuD~^\ msuC sfnR ) > 



P. putida KT2440 and P. putida S-313 

\lsfA y I ssuE ssuA y\ ssuD ^ ssuC y\ ssuB ^ |f) 

I msuEy\ msuD > I ? >| >| > | >l > < sfnR |< msuC \ 



» putative amino acid transporter 

P. putida DS1 

I sfnE ) > | sfnC '){~7fnR y 
P. syringae DC-3000 
I msuD sfnR y 

\lsfA > I ssuA >1 ssuC > I ssuB > [f) 

Figure 4. Gene loci for cleavage of alkanesulfonates in Pseudomonas spp. The ssu loci of 
P aeruginosa (PA3441-PA3450) and P putida (PP0235-PP0241^ are similar, with genes for an 
additional transporter of unknown specificity inserted in the P aeruginosa cluster. The msu clus- 
ter of P putida KT2440 (PP2764-PP2772) reveals an additional putative transporter compared 
to that of P aeruginosa. The sfn genes of P putida DSl (acc no. AB091764) are related to the 
P aeruginosa msu genes (PA2354-PP2557), but lack the oxygenase gene msuD. 
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P. syringae but is not associated with ssu in Escherichia coli or Bacillus subtilis. 
A further difference from other bacterial desulfonation systems is the requirement 
for the ssuF gene product for growth. The ssuF gene encodes a putative molyb- 
dopterin-binding protein (43% identity to clostridial molybdopterin-binding 
proteins), and deletion of the ssuF gene in P putida S-313 prevents growth with 
sulfonates, but also with sulfate esters^^. Neither E. coli nor B. subtilis have a cor- 
responding gene in the ssu operon^^^’ and an E. coli moaA mutant which is 
deficient in molybdopterin synthesis grew normally with pentanesulfonate^^. The 
exact role of SsuF in the desulfonation process is therefore still unclear. 

The ssuF and ssuD gene products are also required for growth of another 
P putida isolate, P putida DSl, with dimethyl sulfide as the sulfiir source^^. 
Dimethylsulfide (DMS) is an important biogenic sulfur metabolite that is gen- 
erated from dimethylsulfoniopropionate in marine systems. In P putida DSl, 
DMS is oxidized via dimethylsulfoxide and dimethylsulfone to methanesul- 
fonate (Figure 2). Although the enzymes that catalyze the oxidation of DMS 
to methanesulfonate have not yet been identified, they are likely to be related 
to those that oxidize DBT to hydroxyphenyl benzenesulfonate in Rhodococcus 
species, DszC and DszA. Cleavage of methanesulfonate in P putida is carried 
out by the SsuED monooxygenase^"^’ 

In P aeruginosa, however, a second, closely related enzyme system 
exists for cleavage of methanesulfonate. The msuED genes encode an FMNH 2 - 
dependent desulfonating monooxygenase system that has enhanced activity 
for methanesulfonate, though it also desulfonates other alkanesulfonates at a 
lower rate^^. The MsuD protein is very similar to SsuD of P aeruginosa (72% 
identity), P putida (70% identity) and E. coli (66% identity), and it is interest- 
ing that methanesulfonate desulfonation is catalyzed by the Pseudomonas 
SsuD and MsuD enzymes^"^’ but not by E. coli SsuD^®. The genetic orga- 
nization of the msu locus is somewhat variable between the Pseudomonas iso- 
lates (Figure 4). In P aeruginosa, the genes form an operon (msuEDC), but in 
P putida KT2440 msuC is absent, and replaced by a putative ABC-type trans- 
porter. The putative msuD gene of strain KT2440 is not well conserved (28% 
identity to P aeruginosa MsuD), and indeed, in P putida DSl, it is absent 
altogether, the corresponding operon consisting of sfnECR, where SfnE and 
SfnC are closely related to MsuE and MsuC, respectively, and SfiiR is a 
a^"^-dependent transcriptional activator that is important in dimethylsulfone 
metabolism (see below). P fluorescens SBW-25 appears to have an msuEDC 
operon similar to P aeruginosa, but its role has not yet been further investi- 
gated at a biochemical level. Intriguingly, P syringae has a modified ssu clus- 
ter consisting only of IsfA, the ssuABC sulfonate transporter, and ssuF. The 
MsuD and MsuE genes are encoded elsewhere on the chromosome, the former 
adjacent to an sfnR homolog. Although P syringae grows well with methane- 
sulfonate (Table 1), its growth rate with higher sulfonates is reduced compared 
to other species, probably reflecting the lack of an SsuD protein. 




Metabolism of Sulphur-Containing Organic Compounds 



335 



The functions of MsuE and MsuC have been investigated after over- 
expression in E. coli^^. MsuE shows flavin reductase activity with both 
NADPH and NADH as the electron donor, contrasting with SsuE from both 
P. putida and E. coli, which are specific for NADPH. MsuC is more of an 
enigma. It is quite similar (42% identity) to DszC, the enzyme that carries out 
the initial stepwise oxidation of DBT to DBT-oxide and DBT-dioxide in 
Rhodococcus erythropolis IGTSS'^^ However, since P aeruginosa does not 
utilize DBT,or other aromatic or aliphatic sulfides, as a sulfur source, MsuC 
must have a different role. 

3.1.1. Taurine Degradation by Pseudomonas Species 

Naturally occurring aliphatic sulfonates include taurine (2-aminoethane- 
sulfonate), isethionate (2-hydroxyethanesulfonate), cysteate, methanesul- 
fonate and sulfoquinovose. Taurine utilization as a sulfur source involves the 
a-ketoglutarate-dependent dioxygenase TauD. This enzyme has been best 
characterized from E. colf^’ where it is an 81 kDa homodimer, with a 
of 55 |jlM for taurine. It is encoded together with an ABC-transporter for tau- 
rine (tauABC), and this configuration is conserved in several Pseudomonas 
species, including P. aeruginosa, P. putida, and P. syringae {P. syringae appears 
to contain two taurine transporters, only one of which is associated with a 
TauD homologue). The P. aeruginosa and P. putida TauD proteins are about 
60% identical to that of E. coli, and a-ketoglutarate-dependent taurine desulfo- 
nation activity has been reported in P. putida^^^, so it seems likely that the 
mechanism is similar to that in E. coli. 

Although P. putida expresses a TauD-like activity, it does not rely on 
it for growth with taurine, since taurine is also accepted as substrate by the 
P. putida SsuD system^^^. This contrasts with E. coli SsuD, which does not 
display taurine desulfonation activity at alE®, a characteristic shared with 
P. aeruginosa MsuD^^. Under sulfate starvation conditions, P. putida synthe- 
sizes a further a-ketoglutarate dependent dioxygenase, AtsK, which catalyzes 
the cleavage of sulfate esters (see below), but does not accept taurine as a 
substrate^^. Of the other natural sulfonates, cysteate is used as a sulfiir source 
by P. putida S-313^^, but not by P. putida KT2440 or P. aeruginosa (Table 1), 
whereas isethionate could be desulfurized by all strains tested. Cysteate is not 
a substrate for the SsuD enzyme^^’ and an ssu mutant of P. putida S-313 
was still able to grow with cysteate^^, so there is clearly an additional, unchar- 
acterized sulfonatase present in this strain. By contrast, mutation of the ssu 
region of P putida S-313 led to loss of the ability to grow with isethionate^^. 

Taurine can also be used as a carbon source by some P. aeruginosa 
isolates^^^, though not by P. aeruginosa PAOl In P. aeruginosa TAU-5, tau- 
rine is transaminated to sulfoacetaldehyde, and the latter compound is then 
hydrolyzed to sulfite and acetate by a thiamine-pyrophosphate dependent 
sulfoacetaldehyde lyase^®^. Expression of the lyase is co-induced with that of 
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taurine aminotransferase during growth with taurine. Sulfoacetaldehyde is a 
central intermediate in the metabolism not only of taurine, but also of isethion- 
ate, sulfoacetate and ethanedisulfonate^^’ 

3.2. Aromatic Sulfonates 

Like aliphatic sulfonates, aromatic sulfonates can be used by bacteria as 
a source of carbon and energy or as a source of sulfur. Pseudomonas strains 
that can desulfurize arylsulfonates can be readily isolated from soils, and the 
pathways concerned have been best elucidated in R putida S-313, a sewage 
isolate obtained by enrichment for growth with naphthalenesulfonate as sulfur 
source^^^. This strain desulfurizes a wide range of arylsulfonates^^’ to 
yield the corresponding phenols and naphthols quantitatively — ^no degradation 
of the carbon skeleton is observed. Incorporation of ^^62 into the product phe- 
nol indicated that the reaction is catalyzed by a monooxygenase^^^, and mutant 
studies later revealed that the monooxygenase concerned is the same enzyme 
that cleaves aliphatic sulfonates, SsuD^^. Just as for alkanesulfonate cleavage, 
the reaction requires reduced FMN supplied by the SsuE protein, and sulfur is 
released as sulfite^ 

Many organisms contain the ssuD gene, but most strains are not able to 
desulfurize aromatic sulfonates. R putida S-313 contains an additional locus 
that allows the strain to use arylsulfonates (asJRABC). This locus encodes a 
LysR-type transcriptional regulator, AsfR, and three further proteins, AsfABC. 
AsfA is a 58.2-kDa protein that shows sequence homology to the flavoprotein 
subunit of fumarate reductases, and it is translationally coupled to AsfB, a 
12-kDa ferredoxin containing two [4Fe-4S] clusters that are most closely 
related to ferredoxins known in anaerobic organisms. The role of these 
proteins is not yet clear, since the arylsulfonatase complex has not yet been 
reconstituted for biochemical characterization, but it is thought that they may 
accept reducing equivalents from FMNH 2 , and transfer them to the oxygenase 
SsuD (Figure 3B). The third gene in the operon, asfC, encodes a periplasmic 
sulfonate-binding protein^ that is involved in the uptake of arylsulfonates 
into the cell. The membrane component of this transporter is AtsB, and the 
sulfate ester binding protein AtsR can replace AsfC to catalyze arylsulfonate 
transport^^^ Transformation of R aeruginosa with the asfAB genes allowed 
growth with arylsulfonates as a sulfur source, but in an atsR mutant, growth 
only occurred when asfC was also supplied. 

Interestingly, although P aeruginosa PAOl and R putida KT2440 can- 
not desulfurize arylsulfonates, both contain an ^z^/-like locus consisting of a 
fumarate reductase homologue, a ferredoxin and a sulfonate-binding protein, 
though the levels of similarity to AsfABC are quite low. Expression of the asfC 
homologue in R aeruginosa (gene PA2296) was strongly upregulated during 
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sulfate starvation, and the protein was identified as a sulfate starvation- 
induced protein in a proteomic screen^ ^ It seems possible, therefore, that in 
R putida S-313, an existing, sulfur-regulated locus of unknown specificity has 
evolved to its current function as part of an arylsulfonatase complex. Analysis 
of the regions flanking the R putida S-313 asfRABC gene cluster indicates that 
these genes have been inserted into gene PP180 of the R putida KT2440 
genome sequence. This is close to, but not identical with, the asfABC homo- 
logues in strain KT2440 (genes PP205-PP207), suggesting that gene duplica- 
tion and functional divergence may have occurred in strain S-313. 



3.3. Utilization of Aromatic Sulfur Compounds 
as Carbon Sources 

Arylsulfonates are used by a number of bacterial species as a source of 
carbon and energy for growth, and this has been reviewed in some detail 
in recent years^^’ The carbon-sulfur bond is usually cleaved early in the degra- 
dation pathway by a multicomponent dioxygenase system to release 
sulfite and the corresponding catechol. Enzymes of this nature that cleave 
toluenesulfonate and /?-sulfobenzoate have been characterized in Alcaligenes sp. 
0-1^^ and Comamonas testosteroni T-2^^, respectively, and a broad 
substrate range dioxygenase that cleaves naphthalenesulfonates is known in 
Sphingomonas xenophaga BN6^^^. These enzymes are inducible, and the 
C. testosteroni genes encoding the sulfobenzoate dioxygenase (psbAC) are 
encoded on a putative transposon, flanked by two IS1071 elements^^, probably 
located on the large plasmid pT2L^^^. An enrichment study to isolate toluene- 
sulfonate-degrading strains from around the world identified a range of 
isolates, including Rseudomonas sp., and it is entirely plausible that the 
same desulfonation genes are also active in Rseudomonas strains. Other 
Rseudomonas strains that degrade benzene- or naphthalenesulfonates have 
been reported^^’ but they have not all been systematically characterized 

and their taxonomic identity is not certain^ 

Aromatic sulfonates are of special interest as dyestuffs and as surfac- 
tants. Several strains formerly designated as Rseudomonas have been isolated 
that can decolorize sulfonated azo dyes, but this is usually by reductive cleav- 
age of the azo bond, and not by desulfonation^^^. Consortia that are able to 
mineralize sulfonated azo dyes have been reported"^"^, but no individual 
Rseudomonas strains are known with this trait^^^. This contrasts with the facile 
desulfonation of the dyestuff Orange II by R putida S-313 when the compound 
is supplied as a sulfur source^^. Consortia rather than individual pseudomon- 
ads also seem to be required for the mineralization of sulfonated surfactants^^^’ 
though one isolate of R aeruginosa, strain W51D, can assimilate branched 
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chain alkylbenzenesulfonates^^. The initial step in the degradation pathway in 
this species was desulfonation of the aromatic ring by a monooxygenase which 
has not yet been characterized. This is the identical reaction observed for 
sulfur-limited degradation of linear alkylbenzenesulfonates^®, and it will be 
interesting to see whether the two enzymes are related. 

Benzothiophenes and DBTs make up a large proportion of the sulfur 
present in crude oil, and there is great interest in biological processes that can 
be used for desulfurization^^’ Several Pseudomonas strains have been iso- 
lated that can partially degrade DBT, by oxidation of one aromatic ring to a 
formylbenzothiophene derivative^^. These include R putida RE204, which car- 
ries out a variety of transformations of benzothiophene^^, and several 
Pseudomonas isolates that have not been further characterized taxonomically. 
None of these isolates grow with condensed thiophenes as carbon source, and 
the transformations take place cometabolically^^. By contrast, desulfurization 
of DBT occurs by oxidation to DBT-dioxide, and a two-step cleavage to yield 
hydroxybiphenyl. This pathway is well known in a number of Rhodococcus 
species, where it is catalyzed by the products of the dsz genes, but it is not 
known in Pseudomonas. However, engineered P aeruginosa and P putida 
strains containing the dsz genes quantitatively desulfurized DBT, and grew 
rapidly with DBT as their sole sulfur source"^^. Due to their solvent-tolerant 
nature, they may prove useful in biodesulfurization applications in the future. 



4. SULFATE ESTERS AND SULFATASES 

Like sulfonates, sulfate esters make up a great part of the sulfur present 
in soils. Much of this sulfate ester content undoubtedly arises through non- 
biological sulfation of lignin-derived phenols, but since many other biological 
molecules are sulfated (glycosaminoglycans, mucins, many mammalian excre- 
tion products) these also provide a source pool. Bacterial alkylsulfatases 
are involved in initial desulfation of sulfate esters to provide both sulfur and 
carbon for growth — the role of arylsulfatases, by contrast, is largely limited to 
the sulfur cycle^^. As can be seen in Table 1, of the sequenced laboratory 
strains of Pseudomonas, only P aeruginosa PAOl is able to grow with several 
different sulfate esters, although sulfatases of varying specificity have been 
characterized from several Pseudomonas species (Table 2). All the strains 
tested could grow with nitrophenylsulfate, which is the substrate usually used 
to test for soil arylsulfatase activity (used as a common marker of soil health), 
but the identity of the enzyme responsible is unclear. Indeed, the term “aryl- 
sulfatase” is itself misleading, since the natural substrates of human arylsulfa- 
tases are mainly carbohydrate sulfates and not aromatic sulfates and the 
same may well be true for bacterial arylsulfatases. 
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Table 2. Sulfatases and sulfotransferases in pseudomonads. 



Organism 


Enzyme 


Gene 


Substrate range 


References 


Pseudomonas 
sp. C 12 B 


PI alkylsulfatase 


a 


C 6 -C 12 alkylsulfate esters, 
nitrophenylsulfate 


[ 6 ] 


Pseudomonas 
sp. C 12 B 


P2 alkylsulfatase 


— 


C 4 -C 14 alkylsulfate 
esters 


[19] 


Pseudomonas 
sp. C 12 B 


SI, S2 and S3 

secondary 

alkylsulfatases 




51 — Cg— Cjo (D)-sec. 
sulfate esters 

52 — Cg— C 9 (L)-sec. 
sulfate esters 

53 — symmetrical sec. 
sulfate esters 


[27], [76], [105] 


Pseudomonas 
sp. C 12 B 


Arylsulfatase 


— 




[36] 


P aeruginosa 


Alkylsulfatase 


— 




[38] 


P putida S-313 


Alkylsulfatase 


atsK 


C 4 -C 12 alkylsulfate esters 


[53] 


P putida S-313 


Arylsulfotransferase 


astA 


Arylsulfate esters 


[54] 


P aeruginosa 


Arylsulfatase 


atsA 


Arylsulfate esters 


[9], [24] 


P aeruginosa 


Cholinesulfatase 


betC? 


Choline sulfate 


[73] 


Pseudomonas 
sp.ATCC 19151 


SDS sulfatase 


sdsA 


SDS 


[ 21 ] 



“Gene not yet identified. 



4.1. Alkylsulfatases 

Aliphatic sulfate esters have been in use as surfactants for many years, 
and this has led to considerable research into their biodegradability. It is rela- 
tively easy to isolate strains from the environment that are able to use sulfate 
esters such as sodium dodecyl sulfate (SDS) as a carbon and energy source, 
both from contaminated and from pristine environments^^^. The initial desul- 
fation step has been best studied in Pseudomonas sp. C12B, an SDS-utilizer 
that was originally isolated from soil adjacent to a sewage outlet^^. This strain 
contains a range of sulfatases which differ in their substrate specificity and 
their mode of regulation. It expresses two primary alkylsulfatases, designated 
PI and P2^’ PI is a 181 kDa tetrameric protein that desulfates C6-C12 sub- 
strates, with Km values decreasing with chain length, from 4.7 mM (05) to 
68 |xM (C12). It has optimum activity at pH 6.1, and interestingly, it is also able 
to cleave nitrophenylsulfate^. The P2 enzyme is a 160 kDa dimer, and has a 
higher pH optimum (pH 8.3). The range of substrates accepted is similar to PI, 
as are the values (12.5 mM [C^] to 30 |xM [C12]), though it does not react 
with arylsulfates^^. Three further alkyl sulfatases have also been identified in 
strain C12B. These are specific for secondary alkylsulfates, which are not sub- 
strates for PI and P2, and catalyse the cleavage of D-, l- and symmetrical 
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alkyl-2-sulfates, respectively. There is very little genetic information available 
about these enzymes, and so it is difficult to assess how widely they are 
distributed in this and other genera. 

Enrichment for utilization of SDS has also yielded other strains, includ- 
ing Pseudomonas sp. ATCC 19151'^^, for which more is known at a genetic 
level. Complementation of a transposon mutant of this strain that was no 
longer able to use SDS as a carbon source for growth led to the identification 
of sdsA as the gene encoding the SDS sulfatase^^ sdsA encodes a protein of 
the lactamase family, and is located divergently to a LysR-family regulator 
gene {sdsE) that is also required for growth with SDS. Overproduction of the 
homologous R aeruginosa SdsA protein (gene PA0740) in E. coli gave an 
active sulfatase with an N-terminal sequence that was very similar to that 
determined for the Pseudomonas sp. C 12 B P2 sulfatase (unpublished). It 
therefore appears that sdsA corresponds to the P2 enzyme of Pseudomonas 
sp. C 12 B. 

The alkylsulfatases described above are specific for medium-long chain 
sulfate esters, and for utilization of the ester as a carbon source — indeed, batch 
cultures of Pseudomonas sp. C 12 B do not synthesize the PI enzyme when 
grown with citrate as carbon source and hexylsulfate as sulfur source^^. Other 
sulfatases must therefore be induced to supply sulfate for growth under 
these conditions. One such enzyme has been identified in P putida S-313. 
This enzyme is the product of the atsK gene, and is a 121 kDa tetrameric 
a-ketoglutarate-dependent dioxygenase that is quite closely related to TauD 
(39% identity to P putida TauD). However, AtsK does not cleave taurine, but 
instead releases sulfate from a range of aliphatic sulfate esters (C 4 -C 12 ), with 
values between 34 |ulM and 400 |jlM. The reaction requires oxygen and 
Fe^'^, and generates the corresponding aldehyde as a product^^. Interestingly, 
the specific activity of the enzyme reported was relatively low in comparison 
to that of E. coli TauD, which reflects the fact that the enzyme carries out 
oxygenol}4;ic cleavage at the relatively unactivated carbon atom adjacent to 
a sulfate ester group, compared to the activated position adjacent to the 
sulfonate moiety in taurine. The atsK gene is also present in P aeruginosa 
(apparently in two copies adjacent to each other, though it is not known if both 
are active), and its expression was found to be strongly upregulated in this 
species during growth under sulfate-limiting conditions^ ^ The ats-sft cluster 
of P putida S-313 (Figure 5) is not present in P putida KT2440, but is located 
in the genome upstream of the gabD gene. 

From sequence analysis, AtsK is a cytoplasmic protein, whereas SdsA 
is periplasmic, as is the P2 sulfatase from Pseudomonas sp. Ci 2 B^^^. In 
P aeruginosa, mutants in the atsRBC ABC-type sulfate ester transporter 
associated with the arylsulfatase were studied. Insertion mutants in both atsR 
(the putative periplasmic substrate binding protein) and atsB (the permease 
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Figure 5. Sulfatase loci in Pseudomonas species. The sulfatase clusters in R aeruginosa 
(PA0181-PA0194) and R putida S-313 (acc. no. AF 126201) are broadly similar, showing a clus- 
tering of genes which are involved in desulfurization of aryl and alkylsulfate esters. R putida 
KT2440 and R syringae lack these gene clusters. 



component) of R aeruginosa were no longer able to grow with hexylsulfate, 
but retained the ability to use SDS as a sulfur source^^. Identical results were 
obtained with atsR and atsB mutants of R putida S-313^"^. This is consistent 
with a model in which desulfurization of medium chain-length sulfate esters 
in R aeruginosa is dependent on AtsK within the cell and the presence of the 
AtsRBC transport system, whereas SDS cleavage is catalyzed by the periplas- 
mic SdsA protein. In R putida, by contrast, AtsK is also required for SDS uti- 
lization^^, suggesting that a functional sdsA homologue is not expressed under 
these conditions in this species (the genome sequence reveals a putative sdsA 
homologue [32% identity to R aeruginosa sdsA], but possibly this is not 
correctly expressed under sulfate starvation conditions). SDS transport may be 
catalyzed either by AtsRBC, or may occur by an unspecific mechanism. 

Very little is known about the transport of sulfonates and sulfate esters 
across the outer cell membrane. Porin genes are present in the R aeruginosa ats 
cluster ippdl), and immediately upstream of the IsfA/ssu cluster in R putida (an 
OprE homologue) and R syringae (an OprD homologue). It is noteworthy that 
the R putida S-313 ats/sft gene cluster includes a gene for a putative TonB- 
dependent receptor protein (SftP) whose synthesis is upregulated under sulfate- 
limited growth conditions'^. This gene is also present in R aeruginosa, and is 
closely associated with the tonB2 gene and genes for TonB accessory proteins 
ExbB and ExbD^^^. These may be involved in the import of sulfur-containing 
substrates, but this has not yet been investigated in detail. 

4.2. Arylsulfatases 

Like aliphatic sulfate esters, arylsulfates also require an active transport 
system to allow them to enter the cell. In R aeruginosa and R putida S-313, 
this transport system is the same ABC-type transporter that is responsible for 
transport of alkyl sulfate esters and arylsulfonates, AtsRBC. AtsR constitutes 
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the periplasmic substrate-binding protein, which interacts with the core 
permease of the transporter, AtsB. At 57.7 kDa, AtsB is somewhat larger than 
many other permease proteins of ABC-type transporters, and it appears to be 
made up of twelve transmembrane helices rather than the more usual six. It 
seems likely, therefore, that a monomer of AtsB interacts with two AtsC pro- 
teins (the ATP-binding subunit of the complex) to form the active transporter. 

Cleavage of aromatic sulfates is catalyzed by arylsulfatases, yielding the 
corresponding phenol and sulfate. Early work by Harada"^^ identified at least 
three sulfatase enzymes in R aeruginosa, including a choline sulfatase, and fur- 
ther, more detailed research led to the characterization of two arylsulfatase 
isozymes, with slightly different pH optima^^’ Biochemical studies later indi- 
cated that the main arylsulfatase in R aeruginosa PAOl is the product of the 
atsA gene^. This 60 kDa monomeric enzyme accepts a number of arylsulfates 
as substrate {K^ 105 |ulM for nitrocatecholsulfate), but does not desulfurize 
alkylsulfates, and has an activity pH optimum at 8.9. This contrasts with the other 
well-characterized bacterial arylsulfatase, from Klebsiella pneumoniae, which 
has optimal activity at pH 7.1 (see ref [94]). More importantly, however, the 
arylsulfatase of K. pneumoniae is a periplasmic enzyme^^’ whereas that of 
R aeruginosa is intracellular. This seems surprising, since arylsulfatases are 
generally thought to be involved in scavenging sulfate-ester sulfur under low 
sulfate conditions'^, but is confirmed by the need for an intact AtsRBC sulfate 
ester transporter for growth of R aeruginosa with arylsulfates"^^. 

Like other characterized arylsulfatases, R aeruginosa AtsA contains a 
conserved sequence motif in the active site, which is required for enzyme activ- 
ity. This sulfatase motif (C/S-X-P-X-R-X 4 -T-G) directs the post-translational 
oxidation of the initial cysteine or serine in the sequence into an a-formyl- 
glycine residue. The presence of a cysteine in the sulfatase motif is associated 
in all bacterial sulfatases with the absence of a signal peptide, and the cy 5 '-type 
arylsulfatases are therefore thought to be intracellular. Conversely, enteric bac- 
teria, in particular, possess arylsulfatases with a serine in the preprotein, and 
this characteristic is associated with sulfatases that are located in the periplasm. 
The mechanism by which cysteine is converted to formylglycine is not yet 
known. An iron-sulfur protein (AtsB — not related to the R aeruginosa AtsB 
that is a component of the sulfate ester transporter) that is essential for the Ser- 
fGly conversion has been identified in K. pneumoniae^^^ . However, this protein 
was not involved in the maturation of R aeruginosa cy^-type arylsulfatase. A 
mutant R aeruginosa sulfatase in which the active cysteine was replaced by a 
serine (C51S-AtsA^^) was not active in QiXhQV R aeruginosa ox E. coli, although 
the K pneumoniae ^^r-type sulfatase was correctly modified. Activation of the 
cys- and 5 er-type sulfatases therefore seem to require separate systems. There 
are no known ^er-type sulfatases in Rseudomonas, and R aeruginosa does not 
contain a homolog of K. pneumoniae AtsB. 
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Structural analysis of the R aeruginosa AtsA protein has shed light on 
the role of the formylglycine in the sulfatase mechanism^ ^ In the resting state 
of the enzyme, this residue is present as its hydrate (determined at 1.3 A), and 
the active site is very similar to that seen in the human arylsulfatase A 
and Cleavage of sulfate esters occurs by nucleophilic attack of the fGly 
hydrate on the sulfur atom of the ester, releasing the alcohol product. This 
mechanism constitutes cleavage of the S-0 bond of the sulfate ester, which 
contrasts with the unusual C-0 cleavage that has been observed with alkylsul- 
fatases such as the P2 enzyme of Pseudomonas sp. C 12 B, and secondary alkyl- 
sulfatases in the same strain^. Interestingly, the PI alkylsulfatase in this strain 
also cleaves the S-0 bond during sulfate ester hydrolysis^, and it may well be 
more closely related to arylsulfatases than to alkylsulfatases of the SdsA type. 

Analysis of genomic sequence data from Pseudomonas species shows 
that P aeruginosa contains genes for two further cy^-type sulfatases in addi- 
tion to AtsA. One of these is very similar to known choline sulfatases, and 
probably represents the choline sulfatase reported in this species^^. The other 
additional sulfatase has not yet been characterized, but may represent the sec- 
ond arylsulfatase isozyme previously described^"^. However, since an atsA 
mutant of P aeruginosa PAOl was unable to desulfurize arylsulfates^^, the 
second isozyme may be cryptic in this strain. P putida KT2440 is unable to 
grow with arylsulfates other than nitrophenylsulfate as sulfur source (Table 1), 
and it is therefore not unexpected to find that it is lacking the atsRBC trans- 
porter. A gene encoding a putative cy^-type sulfatase is present in the genome 
(43% identical to P aeruginosa AtsA), but unusually this seems to carry a sig- 
nal peptide, and it is not clear whether it is correctly expressed and processed. 
Complementation of strain KT2440 with the P aeruginosa PAOl sulfate ester 
transporter (AtsRBC) did not allow growth with nitrocatecholsulfate, suggest- 
ing that the enzyme is not active in this species (unpublished). Arylsulfatases 
have not yet been studied in detail in other pseudomonads, but the genomic 
data available indicate that P fluorescens has an arylsulfatase gene very 
similar to that of P aeruginosa, also associated with a sulfate ester transporter, 
and two other cy^-type sulfatases. One cy^-type sulfatase gene is found in 
P syringae, which is probably a choline sulfatase. 

As mentioned above, P putida KT2440 is unable to grow with aromatic 
sulfate esters as a sulfur source, but the related strain P putida S-313 can do 
so efficiently. Screening of transposon mutants that had lost the ability to 
desulfurize aromatic sulfates showed that they had insertions either in the sul- 
fate ester transporter or in a putative arylsulfotransferase, encoded by the astA 
gene^"^. The AstA protein is similar (43-44% identity) to periplasmic sulfo- 
transferases that have been characterized in enteric bacteria"^’ It catalyses the 
transfer of sulfate from a sulfate ester (e.g., nitrocatecholsulfate) to a phenol 
acceptor, and shows highest activity with dihydroxy acceptors such as catechol 
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or dopamine^^. In related sulfotransferases from enteric bacteria, sulfuryl 
transfer is achieved via a sulfoenzyme intermediate^^, with the sulfo group 
transferred to an active site tyrosine^^. This tyrosine is conserved in R putida 
AstA (Tyr-1 12), and presumably forms the active centre, though tyrosine and 
tyrosine-containing peptides did not make good acceptor substrates for the 
enzyme^^. The natural substrates of this enzyme have not yet been identified, 
but presumably sulfate is transferred onto an acceptor that can be readily 
hydrolysed (either spontaneously or using a specific sulfatase) to provide 
sulfate for cysteine biosynthesis. 

4.3. Choline and Bile Acid Sulfatases 

A choline sulfatase activity was identified in Pseudomonas sp. in 
early reports^^’ and the P aeruginosa enzyme has been characterized 
biochemically^^. It has a of 1.4 mM towards choline sulfate, and is differ- 
entially expressed depending on whether the carbon, nitrogen or sulfur of the 
substrate is being utilized. Although no sequence data has been obtained, it is 
almost certainly encoded by the betC gene, homologous to that of 
Sinorhizobium melilotfi^. All four sequenced Pseudomonas genomes contain 
homologues to S. meliloti BetC (45^8% identical). In S. meliloti, BetC is 
required for the synthesis of glycine betaine, which is required by the cell as 
an osmoprotectant^^^. Since P aeruginosa also uses glycine betaine as an 
osmoprotectant^\ choline sulfatase is probably also a part of the glycine 
betaine synthetic pathway in this species. Although choline sulfatase is in prin- 
ciple an alkylsulfatase, it contains a cys-ty^Q formylglycine modification 
motif, and is closely related at sequence level to the arylsulfatase family. 

A P aeruginosa isolate has been shown to utilize lithocholic acid sulfate 
as a sulfur source"^^, though the sulfatase responsible was not identified. 
However, bile acid sulfatases have been identified in C. testosteroni ATCC 
11996 (acc. no. AAB44526; refs [114], [116]), and are related to SdsA. The 
lithocholic acid sulfatase was a homodimer of 53 kDa subunits, with a pH 
optimum at 8.5. Unlike other characterized sulfatases, this enzyme was Mn^"^- 
dependent, and contained 1-2 atoms of manganese per protein molecule^ 

4.4. Carbohydrate and Mucin Sulfatases 

In cystic fibrosis patients, the level of sulfation of respiratory mucin is 
greatly increased, leading to increased acidity and resulting changes in the 
physical properties of the mucus^^^. The sulfate in sulfomucin is found on 
galactose residues (both internal and terminal), A-acetylglucosamine and 
occasionally A-acetylgalactosamine residues^^’ Mucin sulfation is known to 
prevent bacterial degradation of the mucin by glycosidases and proteinases^^^. 
P aeruginosa isolates grew poorly with a range of sulfated sugars as carbon 
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source, compared with the unsulfated forms, suggesting that sulfation may 
play an important role in preventing bacterial colonization^^. 

However, R aeruginosa also displays a chemotactic response to compo- 
nents of human repiratory mucin^\ and has been shown to bind to the di- and 
trisaccharide structures that are part of mucin side chains. This may play 
an important role in colonization^^. A necessary step in initiating this adhesion 
process is probably desulfation, to allow partial deglycosylation of the mucin 
and uncover potential binding epitopes^ ^ A mucin sulfatase activity has been 
reported in R aeruginosa and also in a number of Burkholderia cepacia 
strains^ ^ This activity seems to be independent of the characterized arylsulfa- 
tase activity in these strains, suggesting that a novel mechanism for desulfation 
may be involved. Mucin sulfatase activity was highest in a cystic fibrosis iso- 
late, R aeruginosa E601, and no activity was found in R aeruginosa PAOl. 
The enzyme responsible for the activity has not yet been identified, though the 
recent development of a mucin sulfatase assay may aid this process. The only 
mucin sulfatase identified to date is from Rrevotella sp. RS2^^^, which is a ser- 
type arylsulfatase with low homology to known Rseudomonas arylsulfatases. 

4.5. Sulfate Esters and Soil Bacteria 

Sulfate esters are common not only in human respiratory mucin, but are 
also an important component of the sulfur cycle in other environments. 
Aerobic soils contain less than 5% of their sulfur content as inorganic sulfate^, 
and sulfate esters make up over 50% of the sulfur pool^^^. Microbial sulfatases 
in the soil catalyse the hydrolysis of these sulfate esters, and as a result, soil 
sulfate-ester sulfur is almost as accessible to plants as adsorbed inorganic sul- 
fate^®"^. The ability to desulfurize sulfate esters is crucial for bacterial growth 
in the soil as well. A mutant of R putida S-3 13 containing a mutated sftR gene, 
which encodes a LysR-family regulator that controls expression of a number 
of sulfatases in this strain, survived significantly less well in a range of soils 
compared to the wildtype strain^"^. Utilization of the soil sulfate esters is there- 
fore important, but more work is needed to determine which sulfatase genes 
are expressed during growth in soils and rhizosphere. 



5. REGULATION OF ORGANOSULFUR 
METABOLISM 

5.1. CysB and Global Sulfur Regulation 

The sulfate assimilation pathway has been characterized in detail in 
enteric bacteria^^, and the biochemistry is broadly similar in Rseudomonas spp.. 
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though there are some differences, as detailed above. Expression of the genes 
of the cysteine biosynthetic pathway is strongly upregulated in enteric bacteria 
under sulfate-limited conditions, and this activation is modulated by the CysB 
transcriptional activator. When the R aeruginosa cysB gene was mutated, the 
resulting strain was auxotrophic for cysteine^^, confirming that this protein is 
also required for cysteine biosynthesis in this species. However, the cysB 
mutant could still grow with sulfide or sulfite as the sulfur source^^, and was 
also able to utilize methionine or homocysteine by the reverse transulfuryla- 
tion pathway. Reduction of sulfite to sulfide therefore appears to be not com- 
pletely controlled by CysB — since a cy^/ mutant is auxotrophic for cysteine^^, 
this suggests that sulfite reductase expression is differently controlled to 
enteric bacteria. Likewise, reverse transulfurylation is CysB-independent. 

CysB is also crucially involved in uptake and desulfurization of sul- 
fonates and sulfate esters. In R aeruginosa, expression of both the atsR and 
atsBCA transcriptional units of the sulfate ester transporter requires CysB^^. 
CysB was also involved in the expression of sfnEDR operon in R putida 
DSl^^, and was required for the growth of R aeruginosa with methanesul- 
fonate^^. As well as alkanesulfonates and sulfate esters, a R aeruginosa cysB 
mutant was unable to desulfurize cyclamate, though the pathway catalyzing 
this process is not yet known. 

In R aeruginosa, CysB is not only involved in the regulation of cysteine 
biosynthesis, but also plays a part in alginate production. The CysB protein 
binds to a specific sequence in the promoter of the algD gene^^, which encodes 
GDP-mannose dehydrogenase, the key enzyme in alginate synthesis. 
Inactivation of the cysB gene led to a reduction in algD expression, though no 
apparent effect on mucoidy was observed in the mutant strain. It is not yet 
clear why CysB, which is primarily known as a transcriptional activator of the 
cys genes, is active in alginate synthesis. 

CysB is a member of the LysR-family of transcriptional activators, and 
in E. coli it acts as a homotetramer of 36 kDa subunits, binding to the target 
DNA via a helix-tum-helix motif in the N-terminal domain. Activation of the 
cys genes requires A-acetylserine as co-activator, while sulfide and thiosulfate 
act as corepressors^^. The CysB protein of R aeruginosa is quite similar to that 
of E, coli (64% identity), and homologous proteins have been found in all the 
sequenced pseudomonads (89-92% identity to R aeruginosa CysB). E. coli 
also possesses a second, closely related regulator, the Cbl protein (for CysB- 
/ike), which is required for sulfonate metabolism^^^’ As described below, 
the cbl gene has not been identified in Rseudomonas spp., but several other 
LysR-type regulators that are less closely related to CysB are indeed involved 
in organosulfur metabolism. 
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5.2. Other Regulators of Organosulfur Metabolism 

Three other LysR-family regulators have been discovered in 
Pseudomonas that are known to be involved in organosulfur metabolism 
(Table 3). These are quite similar to each other, but do not show high levels of 
identity to CysB, and all show the expected helix-turn-helix DNA-binding 
domain in the N-terminal region. They differ in target specificity, but in at least 
one case there is evidence for cross-talk between them. 

The first of these regulators, SftR, was identified in a mutant of R putida 
S-313 that had lost the ability to grow with sulfate esters^"^. Analysis of this 
mutant revealed that the SftR protein is required for expression of all the tran- 
scriptional units in the ats/sft cluster, including the atsRBCA sulfate ester trans- 
porter, the sulfatase atsK, and sftP-astA, encoding a putative TonB-dependent 
receptor and the arylsulfotransferase. sftR expression was repressed in the 
presence of inorganic sulfate, suggesting that it might itself be under the con- 
trol of CysB, a feature that is also seen for the cbl gene in E. coli^^^. A homo- 
logue of sftR is present in P aeruginosa (gene PA191), and a mutant in which 
this gene was inactivated was unable to grow with aliphatic sulfate esters or 
with cyclamate, though it could still grow with aromatic sulfates^^. Sequence 
analysis reveals the presence of a second sftR orthologue in P aeruginosa 
(PA2334; 54% identical to SftR), which is associated with an uncharacterized 
arylsulfatase gene, and it is possible that this regulator protein controls aryl- 
sulfatase expression in this species. P putida KT2440 does not contain an SftR 
homologue, in accordance with its lack of sulfate ester utilization genes. 

In a putida S-313 sftR mutant, no expression of arylsulfate ester 
uptake is observed, except when arylsulfonates are present. This is thought to 
be due to the presence of a further LysR-type regulator in this strain, AsfR, 



Table 3. Regulators of sulfur metabolism in pseudomonads. 



Regulator 

protein 


Species 


Target 


References 


CysB 


R aeruginosa and 


Sulfate assimilation 


[22], [47] 




others 






SdsB 


P. aeruginosa. 
Pseudomonas sp. 


SDS metabolism 


[21] 




ATCC 19151 






AsfR 


P putida S-313 


Aryldesulfonation 


[131] 


SftR 


P putida S-313, 


Desulfurization of alkylsulfate 


[54] 




P aeruginosa 


esters and sulfamates 




SfhR 


P putida DSl 


Dimethylsulfone metabolism 


[33] 
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which controls expression of the asfABC operon. Expression of asfABC is 
strongly upregulated in the presence of sulfonate substrates, and repressed by 
sulfate in a CysB-mediated manner. Rather unexpectedly for a LysR-type 
regulator, AsfR acts by repressing asfA unless a substrate is present, in which 
case repression is relieved. This unusual mode of action may be due to the fact 
that AsfA appears to be toxic to the cell unless its synthesis is carefully con- 
trolled. The dual regulation of asfA by CysB and AsfR again highlights a 
common theme, of very tightly regulated target operons in organosulfur 
metabolism. This is also seen for the tau and ssu operons in E. coli, which are 
controlled by both CysB and Cbl for expression^^^ — it is not yet known how 
ssu is regulated in Pseudomonas, 

A further LysR-type regulator that is involved in organosulfur metabo- 
lism in Pseudomonas is SdsB, which is required for desulfurization of SDS by 
Pseudomonas sp. ATCC 19151 (see ref [21]). It is located divergently to the 
sdsA gene, and presumably controls sdsA expression. P aeruginosa contains a 
homologue of SdsB (64% identity), but a mutant in this gene grew normally 
with SDS as the sulfur source (unpublished). This is probably due to AtsK- 
mediated SDS desulfurization in this species, but this remains to be confirmed. 

All the transcriptional regulators described above belong to the LysR 
superfamily, and these seem to dominate the regulation of organosulfur metab- 
olism. However, P putida DSl requires an NtrC-type activator (SfnR) for 
growth with DMS. Transcriptional activators of this type use a^"^-RNA poly- 
merase in transcription, and inactivation of the rpoN gene indeed abolished the 
ability of the strain to convert dimethylsulfone to methanesulfonate^^. Deletion 
of the sfnR gene did not, however, affect transcription of sfnECR, and so 
although sequence analysis reveals a conserved putative RpoN-dependent pro- 
moter sequence upstream of sfnE, it seems not to be controlled by SfnR. This 
promoter sequence motif is also conserved in the P putida KT2440 and 
P aeruginosa msuEDC clusters. In P aeruginosa, there is an additional SfnR 
homologue (64% identical to P putida SfnR) encoded immediately upstream 
of msuE, and it will be interesting to evaluate the role this plays in sulfonate 
metabolism. 

LysR-type regulators are involved in controlling organosulfur metabo- 
lism even when the sulfiir-containing compound is being used as a carbon 
source, rather than purely to provide sulfur for growth. The SdsB protein 
described above is required for growth of Pseudomonas sp. ATCC 19151 (see 
ref [21]) with SDS as the carbon source. In C. testosteroni T-2, the key regula- 
tor controlling mineralization of toluenesulfonate is TsaR, a LysR-type regula- 
tor encoded divergently to the genes for the multicomponent oxygenase system 
that catalyses toluenesulfonate cleavage, tsaMBCD^^^. TsaR interacts with 
toluenesulfonate to bind to three specific regions in the promoter region, 
and is reversibly inactivated by oxygen. The entire gene cluster is located on 
a transposon carried on the 72-kb plasmid pTSA. This plasmid, with its 
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conserved tsa genes, has been isolated from a number of toluenesulfonate- 
utilizing isolates from around the worl4 including several Pseudomonas 
strains^^^. 

5.3. How is Sulfur Limitation Sensed? 

Many of the enzyme systems described above for the metabolism of 
sulfonates and sulfate esters were first identified as proteins whose synthesis 
was upregulated in the absence of sulfate, and repressed during growth with 
inorganic sulfate^^’ But how does the cell detect the presence of sulfate? 
In E. coli, sulfate is not itself a corepressor of cys gene induction. However, its 
reduction product, sulfide, acts as an anti-inducer, binding to CysB to displace 
the co-inducer A^-acetylserine. In P aeruginosa, the situation is more complex. 
Expression of atsA and msuD was studied in strains that were mutated in the 
cysidini genes"^^’ Expression of atsA was not repressed by sulfate in a 

background, confirming that sulfate is also not a direct corepressor here. 
However, atsA was not expressed in a cysl background in the presence of 
either sulfite or sulfide, demonstrating that at least two intermediates of the 
cys pathway act as corepressors (APS/sulfite and cysteine/sulfide). Similar 
results were obtained for msu expression, with the exception that sulfate itself 
also acted directly as a corepressor of msu expression, even in a cysN mutant^^. 

In E. coli, it has been shown that the corepressor associated with the Cbl 
protein is not sulfide, as for CysB, but APS Regulation of the ssu operon has 
not yet been examined in detail in pseudomonads, but the above data obtained 
with P aeruginosa msu and ats is consistent with a model where APS is also 
a key co-effector of organosulfur metabolism in pseudomonads. 



6. CONCLUSIONS 

Due to the variety of environments that they inhabit. Pseudomonas species 
show great metabolic flexibility, reflected in the high number of regulator pro- 
teins encoded in their genomes^^’ As shown above, this flexibility extends 
to their use of a wide variety of organic and inorganic sulfiir compounds to pro- 
vide sulfur for growth. The biochemical mechanisms by which this organically 
bound sulfur is assimilated are largely conserved between Pseudomonas species. 
However, examination of the gene loci concerned confirms the genetic plas- 
ticity of the genus, since although many of the genes are well conserved, their 
organization varies, even between strains of the same species (cf. Figure 4). 
Where it has been examined, expression of these genes has been found to be 
tightly regulated, both on a global level by the CysB protein and at the level of 
specific regulators that recognize the particular substrates concerned. 
However, although we have learnt a great deal about the metabolism of these 
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substrates in the last few years, much more remains to be discovered. Microarray 
analysis of P. aeruginosa grown under sulfate-limited conditions (unpublished) 
reveals that expression of several uncharacterized transport systems, and of a 
number of other proteins is strongly upregulated. This suggests that this species 
is also able to recognize and metabolize other groups of sulfur compounds, 
whose identification will provide further challenges for future studies. 
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1. INTRODUCTION 

Pseudomonads have an exceptional ability to utilize aromatic 
compounds as sole source of energy and carbon. This capability is critical to 
maintaining the global carbon cycle. Aromatic compounds are planar, fully 
conjugated, ring-shaped molecules possessing {An + 2)tt electrons where n is 
a nonnegative integer (Hiickel’s rule)^^. Formed by a variety of biogeochemi- 
cal processes, these compounds are widely distributed in nature, and range in 
size from low-molecular-mass compounds, such as phenols, to biopolymers, 
such as lignin. Indeed, lignin is the second most abundant polymer in nature 
after cellulose^. Aromatic compounds are exceptionally stable due to the 
delocalization of their tt orbitals (resonance structure). This property has con- 
tributed to the wide spread production and usage of natural and non-natural 
aromatic compounds for a variety of industrial applications, as well as the 
distribution of stable, nonnatural compounds in the environment. 

Microorganisms have evolved diverse catabolic pathways to degrade 
aromatic compounds, including anaerobic and aerobic strategies. Regardless 
of the specific catabolic strategy, these pathways involve two key steps: the 
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activation of the thermodynamically stable benzene ring, and its subsequent 
cleavage. In aerobic microbial degradation, oxygenases activate the benzene 
ring by catalyzing the incorporation of oxygen-containing substituents. 
The critical step of ring fission is then catalyzed by ring-cleaving dioxyge- 
nases^^’ which are the subject of this chapter. Much of our understanding 
of these dioxygenases is derived from studies involving pseudomonads. 
Indeed, most of these enzymes were initially identified in pseudomonads^®’ 

106, 132, 134^ studies on these microorganisms and their enzymes have con- 
tinued to provide critical insights into our understanding of ring-cleaving 
dioxygenases. 

This chapter covers metalloenzymes that are involved in the oxidative 
ring-cleavage of aromatic compounds. Two other classes of ring-cleaving 
enzymes that are involved in the aerobic catabolism of aromatic compounds 
but that are not covered in this chapter are the cofactor-less dioxygenases that 
catalyze the 2,4-cleavage of 3-hydroxy-4-quinolones and hydrolytic enzymes. 
The former possess a serine hydrolase fold and were recently reviewed by 
Fetzner^^. The latter are part of the CoA-driven reductive pathways tradition- 
ally associated with the anaerobic degradation of aromatic compounds. 
However, it is now clear that some of these pathways function under aerobic 
conditions'^’ 

In addition to their fundamental significance, ring-cleaving dioxyge- 
nases are of interest due to their potential utility in the degradation of 
environmental pollutants such as polychlorinated biphenyls (PCBs). As dis- 
cussed in Chapters 18 and 19, pseudomonads and other bacteria are able to 
transform xenobiotic compounds that structurally resemble naturally occur- 
ring growth substrates. These organisms and their catabolic pathways are of 
interest for bioremedial applications. In many instances, the ring-cleaving 
dioxygenase of the relevant pathway is an important determinant of the speci- 
ficity of the pathway. For example, the inactivation and/or specificity of these 
enzymes inhibit the simultaneous degradation of chloro- and alkylaromatics^^^ 
as well as the degradation of certain PCB congeners^ ^ Several strategies to 
improve the degradation of such recalcitrant compounds have been 
described^^^. 



2. OCCURRENCE WITHIN CATABOLIC PATHWAYS 

In principle, microorganisms utilize a distinct catabolic pathway to 
degrade each type of aromatic compound. Nevertheless, the aerobic catabo- 
lism of these compounds usually proceeds via one of four intermediates 
(Figure 1): catechol, protocatechuate, gentisate or hydroquinone (benzene-1,4- 
diol). Related compounds, such as homoprotocatechuate, dihydroxyphenyl 
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and (D) (chloro)hydroxyquinol and (chloro)hydroquinone. Each solid arrow indicates a single enzyme-catalyzed reaction. Reactions designated by “a” are 
catalyzed by a ring-hydroxylating dioxygenase (see Chapter 22). Reactions designated by “i” are catalyzed by an intradiol dioxygenase and reactions desig- 
nated by “e” are catalyzed by an extradiol or extradiol-type dioxygenase. The summarized pathways are representative of those involving one of the four 
ring-cleavage intermediates. Several other pathways have been reported but could not be described in detail in this chapter. 
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propionates and homogentisate, also occur as intermediates. In addition, at 
least two other types of compounds have been identified as substrates for ring 
cleavage reactions: salicylate and 2-aminophenol. These various intermediates 
occur in the degradation of monocyclic compounds, as described in the sub- 
sections below. Compounds containing more than one aromatic ring are 
degraded via iterations of the strategies used to degrade monocyclic 
compounds (Figure lA). 

The ring cleavage of catecholic compounds is performed by enzymes 
from one of two distinct classes: intradiol and extradiol dioxygenases 
(Figure 2)^^. Intradiol dioxygenases utilize non-heme Fe(III) to cleave the 
aromatic nucleus ortho to (between) the hydroxyl substituents. In contrast, 
extradiol dioxygenases utilize non-heme Fe(II) to cleave the aromatic nucleus 
meta (adjacent) to the hydroxyl substituents. Interestingly, a few Mn(II)- 
dependent extradiol dioxygenases with strong sequence similarity to Fe(II) 
counterparts have also been reported^^’ as has an Mg(II)-containing 
enzyme of unknown phylogeny^^. Although the distinctions between intradiol 
and extradiol dioxygenases may appear to be minor, they are in fact a mani- 
festation of enzymes that have completely different structures and utilize 
different catalytic mechanisms (for recent reviews see refs [16] and [129]). 

One notable difference between intradiol and extradiol enzymes is that 
the former appears to only cleave substrates possessing vicinal hydroxyl 
groups. In addition to catechol, the only known substrates for intradiol 
enzymes are protocatechuate and 2-hydroxyquinol (1,2,4-trihydroxybenzene), 
which are essentially substituted catechols. In contrast, not all aromatic com- 
pounds that are subject to extradiol-type cleavage possess vicinal hydroxyl 
groups. Non-catecholic compounds that are subject to extradiol-type cleavage 
include the other intermediates mentioned above: gentisate, hydroquinone, sal- 
icylate and 2-aminophenol. In comparison to the substrates of typical extradiol 
dioxygenases, these compounds are either dihydroxylated in the para positions 
and/or possess a carboxylate or an amino group in place of the second 
hydroxyl group. The products of the ring cleavage of each of the four “major” 
intermediates listed at the outset of this section, and their further transformation 
to intermediates of the tricarboxylic acid cycle are summarized in Figure 2. As 
discussed in Section 9, the absolute requirement of intradiol dioxygenases for 
substrates possessing vicinal hydroxyl groups is consistent with the proposed 
mechanistic differences between intradiol and extradiol enzymes. 

A second difference between intradiol and extradiol enzymes is that the 
former generally cleave catechols possessing electron-withdrawing sub- 
stituents. In contrast, extradiol enzymes cleave catechols possessing electron- 
donating substituents. There are nevertheless examples of extradiol enzymes 
that cleave halogenated substrates. Thus, in the catabolism of chlorobenzene 
by Pseudomonas putida GJ31, a chlorocatechol 2,3-dioxygenase (CC230 gj3i) 




extradiol or 
intradiol extradiol-type 

cleavage cleavage 
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Figure 2. Products of ring-cleavage dioxygenase-catalyzed reactions. Each arrow indicates a single enzyme-catalyzed reaction. Acetaldehyde enters the 
tricarboxylic acid cycle as acetyl-CoA (adapted from refs [29] and [30]). 
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catalyzes the cleavage of 3-chlorocatechol^^. 3-Chlorocatechol may also be 
cleaved in a 1, 6-fashion^ However, the physiological relevance of this 

reaction is unclear. 

2.1. Catechols 

In many respects, catechol dioxygenases are the prototypical ring- 
cleavage enzymes. Thus, a metapyrocatechase, or catechol 2,3-dioxygenase 
(C230) from a pseudomonad was the first identified extradiol dioxygenase^^. 
Studies on C230 were the first to demonstrate these dioxygenases require 
ferrous iron^^^ and that they utilize an ordered, ternary complex mechanism^^. 
Similarly, one of the first identified intradiol dioxygenases was a catechol 1,2- 
dioxygenase (Cl 20) involved in the catabolism of benzoates^^. 

Catechol occurs in the degradation of benzene^ ^ benzoate phenol^^ 
and derivatives thereof The latter include alkylated, nitrosylated and chlori- 
nated derivatives. Catecholic intermediates that arise in the degradation of 
polycyclic aromatics may be considered as alkylated catechols. Accordingly, 
intermediates such as 1,2-dihydroxynaphthalene and 2,3-dihydroxybiphenyl, 
which occur in the degradation of naphthalene and biphenyl respectively^^’ 
are subject to extradiol cleavage. 

2.2. Protocatechuates 

Protocatechuate occurs in the degradation of hydroxybenzoates^^’ 
phthalates^^ and vanillyl alcohols^ Protocatechuate is subject to three 
different modes of cleavage: protocatechuate 3,4-dioxygenase (3,4-PCD)^^^ 
catalyzes intradiol cleavage, whereas protocatechuate 2,3-dioxygenase (2,3- 
PCD)^^^ and protocatechuate 4,5-dioxygenase (4,5-PCD)^^^ catalyze each of 
two different modes of extradiol cleavage. 

The related compound, homoprotocatechuate (3,4-dihydroxyphenylac- 
etate), is cleaved in an extradiol fashion by homoprotocatechuate 2,3-dioxyge- 
nase (HPCD) in the degradation of 4-chlorophenylacetate^^ and 3- and 
4-hydroxyphenylacetate^^. Related HPCDs utilizing Fe(II) and Mn(II) have 
been isolated from Brevibacterium fuscum^^^ and Arthrobacter globiformis 
CM-2^^^, respectively. A HPCD that utilizes Mg(II) has also been purified^®. 
However, the phylogenetic relationship of this enzyme to other extradiol 
dioxygenases is not known. 

2.3. Gentisates and Salicylates 

The ring cleavage of gentisate is catalyzed by gentisate 1,2-dioxygenase 
(GO)^^’ an extradiol-type dioxygenase. Gentisate has been identified as an 
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intermediate in die catabolism of salicylate^^, 3-hydroxybenzoic acid^^ and 
anthranilate^^. As noted in Section 2.6, an important derivative of gentisate, 
homogentisate, occurs in the catabolism of phenylalanine and tyrosine. 

A GO has been described that can also cleave salicylate^. This is an 
interesting reaction. However, it is unclear whether there are any dioxygenases 
that preferentially utilize salicylate. Related compounds that are subject to 
extradiol-type cleavage include 5-aminosalicylate^^^ and l-hydroxy-2-naph- 
thoate, which is involved in the catabolism of phenanthrene^®. l-Hydroxy-2- 
n^hthoate dioxygenase did not detectably cleave either salicylate or gentisate. 

2 . 4 . Hydroxyquinols and Hydroquinones 

Hydroxyquinols and hydroquinones are 1,4-dihydroxybenzenes 
(Figure ID). 2-Hydroxyquinols and its chlorinated derivatives are cleaved by 
2-hydroxyquinol 1,2-dioxygenase (HQ 120), an intradiol enzyme. This 
enzyme occurs in die catabolism of p-nitrophenoF', resorcinol^^, and 4- 
hydroxysalicylic acid^. The related 6-chloro-HQ120 occurs in the catabolism 
of 2,6-dichlorophenol^^^ and 2,4,6-trichlorophenol^^^. It is unclear whether 
HQ120 or 6-Cl HQ120 is involved in the catabolism of 2-chlorophenol and 
2,4-dichlorophenol^^^. Hydroquinones are cleaved by an extradiol-type 
enzyme, hydroquinone dioxygenase (H(JO). This enzyme is involved in the 
degradation of p-nitrophenoP, pentachlorophenol^^ and lindane^^, vdiich is 
aromaticized as it is dehalogenated. 

2.5. 2-Ammophenols 

2-Aminophenols are cleaved by Fe(II)-dependent extradiol-type dioxy- 
genases. 2-Aminophenol 1,6-dioxygenases (APDs) are involved in the degra- 
dation of nitrobenzene*^ and 2-aminophenol'^^. A notable derivative of 
2-aminophenol is 3-hydroxyanthranilate. This compound is an intermediate 
in the catabolism of 2-nitrobenzoate by a pseudomonad^ as well as in the 
catabolism of tryptophan (Section 2.6). 

2 . 6 . Aromatic Amino Acids 

Ring-cleavage reactions are also involved in the aerobic catabolism of aro- 
matic amino acids. Thus, homogentisate dioxygenase (HGO) is involved in die 
catabolism of phenylalanine and tyrosine, and 3-hydroxyantfaranilate dioxyge- 
nase (HAD) is involved in the catabolism of tryptophan in the kynurenine path- 
way. These dioxygenases, vdiich are extradiol-type enzymes, occur in organisms 
from Pseudomonas to man. In humans, HGO and HAD are associated with the 
genetic disorders allaqitonuria and Huntington’s disease, respectively*^’ 




366 



Frederic H. Vaillancourt et al 



3. CLASSIFICATION OF RING-CLEAVING 
DIOXYGENASES 

Intradiol and extradiol enzymes share no significant sequence or struc- 
tural similarities and thus belong to evolutionary distinct classes of proteins. 
Sequence and structural analyses further indicate that all intradiol dioxyge- 
nases characterized to date belong to a single evolutionary lineage. Thus, 
despite their different subunit compositions, the catalytic domains of 3,4-PCD 
and Cl 20 share a common structural fold^"^^. Moreover, these enzymes share 
key conserved residues with the HQ 120, including the four endogenous iron 
ligands^^ (see Section 5). 

In contrast to the intradiol dioxygenases, extradiol and extradiol-type 
dioxygenases belong to at least three evolutionarily independent families^^’ 
(Table 1). Type I extradiol dioxygenases belong to the vicinal oxygen chelate 
superfamily^’ Type I extradiol dioxygenase includes two-domain and one- 
domain enzymes. The former are exemplified by 2,3-dihydroxybiphenyl 1,2- 
dioxygenase (DHBD) from Burkholderia sp. LB400 (DHBDlb 40 o)? C230mt2) 
HPCDbiu and chlorohydroquinone dioxygenase (CHQO)^^’ One-domain 
enzymes are exemplified by two DHBD isozymes from Rhodococcus globeru- 
lus P6 (DHBDp6-II and DHBDp6-III). Type II extradiol dioxygenases include 
enzymes consisting of one (e.g., 2,3-dihydroxyphenylpropionate 1,2-dioxyge- 
nase)^^^ or two different subunits. As discussed in Section 4.2, there are 
examples of type II enzymes in which the two different subunits are related 
(APDjs 45 )^"^ and there are examples in which the two subunits appear to be 
unrelated (protocatechuate 4,5-dioxygenase [4,5-PCD])^^^. A third family of 
extradiol-type dioxygenases belong to the cupin superfamily^^. Dioxygenases 
belonging to this superfamily include GO, l-hydroxy-2-naphthoate dioxyge- 
nase, HGO and HAD. 

As is evident from Table 1, there is no strict correlation between sub- 
strate specificity and evolutionary origin in extradiol dioxygenases. Thus, 
there are examples of type I and II HPCDs, as well as type I and II C230s. It 
is nonetheless noted that the substrate specificity of most ring-cleavage 
enzymes has not been well investigated. This shortcoming is particularly evi- 
dent in cases in which multiple DHBDs have been identified in a single strain. 
In many instances, such enzymes were identified on the basis of plate assays 
performed using a single substrate at a single concentration. Proper investiga- 
tion of these enzymes may well reveal that their substrate specificities are 
quite different from one another. 

The respective superfamilies to which type I and III extradiol dioxygenases 
belong are discussed below. The type II extradiol dioxygenases are not discussed 
in this respect as they have not been classified in a superfamily. The structural 
features of each type of extradiol dioxygenase are discussed in Section 4. 
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Table 1. Families of ring-cleavage enzymes based on structural folds. 



Type 


Superfamily 


Prototypic members 


Subunif 


Intradiol 




3,4-PCDb.,o 


(o^3)i2 






C120adpi 


tt2 






HQ 120 


«2 


Extradiol 








I 


Vicinal oxygen chelate 


DHBDlb400 


ag 






C230„,2 


tt4 






HPCDeft, 


ttx 






CHQO 


ttx 






DHBDp6-II 




II 


unknown 


2,3-dihydroxyphenylpropionate 


tt4 






1,2-dioxygenaseEco 








HPCDe,oc 


ttx 






C230jmp222“I 








4,5-PCDsyk6 


»232 






APDjs45 


0^2 


III 


Cupin 


GO 


tt4 






1 -hydroxy-2-naphthoate 


»6 






dioxygenase^pv 





3,4-PCDb-io, protocatechuate 3,4-dioxygenase from R putida C120ADPb catechol 1,2-dioxygenase 

from Acinetobacter sp. ADPl*"^^; HQ 120, hydroxyquinol 1,2-dioxygenase from Nocardioides simplex 3E’^; 
DHBDlb 4 oo» 2,3-dihydroxybiphenyl 1,2-dioxygenase from Burkholderia sp. LB400^“^; C230n,t2, catechol 
2,3-dioxygenase from P. putida mt-2^^; HPCDbai, homoprotocatechuate 2,3 -dioxygenase from B.fuscum^^^\ 
CHQO, chlorohydroquinone dioxygenase; DHBDp^-II, 2,3-dihydroxybiphenyl 1,2-dioxygenase II from 
R. globenilus P6^; 2,3-dihydroxyphenylpropionate 1,2-dioxygenase from Escherichia coli^^\ HPCDecoC> 
homoprotocatechuate 2, 3 -dioxygenase from E. coli C230jMP222-f catechol 2,3-dioxygenase I from 
Alcaligenes eutrophus JMP222^^; 4,5-PCDsyk 6> protocatechuate 4, 5 -dioxygenase from Sphingomonas 
paucimobilis SYK-6*^^; APDjs 45 , 2-aminophenol 1,6-dioxygenase from Pseudomonas pseudoalcaligenes 
1845^"*; GO, gentisate dioxygenase from Pseudomonas testosteronP^\ 1 -hydroxy-2-naphthoate dioxygenase 
from Nocardioides sp. KP7^®. 

“ An “x” indicates that the oligomeric state of the enzyme is not known. 



3.1. Type I Extradiol Dioxygenases and the 
Vicinal Oxygen Chelate Superfamily 

The common structural fold of the vicinal-oxygen-chelate superfamily^’ 
is a module consisting of four (i strands and one a helix that occur in the fol- 
lov^ing sequence: Pa(3(3(i. Each structural domain of the type I extradiol 
dioxygenases contains two copies of this module. Phylogenetic analyses 
indicate that these dioxygenases share a common one-domain ancestor; the 
evolution of type I extradiol dioxygenases therefore appears to have involved 
two duplication events followed by the divergence of one- and two-domain 
enzymes. Subsequent divergence among the two-domain dioxygenases 
has resulted in several families, at least two of which are based on substrate 
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preference"^^’ DHBDlb 4 oo DHBDp^-I belong to a family with a prefer- 
ence for bicyclic substrates. In contrast, C230n,t2 belongs to a family with a 
preference for monocyclic substrates. 

Most members of the vicinal-oxygen-chelate superfamily utilize a 
divalent metal ion to catalyze a reaction involving direct metal ion chelation by 
vicinal oxygens of the substrate or an intermediate in the reaction. The mem- 
bers of the superfamily identified to date are: (a) type I extradiol dioxyge- 
nases; (b) 4-hydroxyphenylpyruvate dioxygenase (EC 1.13.11.27); 
(c) glyoxalases (EC 4.4. 1.5); (d) fosfomycin resistance proteins^^; and 
(e) methylmalonyl-CoA epimerases^ (EC 5.1.99.1). The metal ion requirement of 



typel 




Divalent metal 



Fe(ll). 

Mn(ll) 



CO2 Fe(ll) 



(3) 




CH 3 H SG 



glyoxalase I 




Zn(ll), 

Ni(ll) 



(4) 



O 



fosfomycin 
, resistance 
protein 

feHa GSH 




Mn(ll) 



(5) 



O 

OOCjf 

V^SCoA 



methylmabnyl-CoA 

epimerase 



O 



CHa^H 



Co(ll) 



Figure 3. Reactions catalyzed by members of the vicinal oxygen chelate siqserfamily (ad^>ted 
fiom lef. [48]). 
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these enzymes, and the reactions they catalyze, are summarized in Figure 3. To 
date, the one exception in the superfamily is the bleomycin resistance proteins 
(BRP)^^, which form a sixth family of the vicinal-oxygen-chelate superfamily. 
BRPs do not bind any metal ion and sequester bleomycin and related com- 
pounds without degrading or transforming them. It is thought that during the 
evolution of this protein, the divalent metal ion may have been shed in favor of 
a more hydrophobic cavity to accommodate the antibiotic. The use 
of the pseudosymmetric structure provided by the pair of modules 

offers a versatile template and structural flexibility when compared to the 
well-known barrel folds. 



3.2. Type III Extradiol Dioxygenases and the 
Cupin Superfamily 

GO, l-hydroxy-2-naphthoate dioxygenase, HGO and HAD are part of 
the cupin superfamily^*. This superfamily is composed of proteins containing 
at least one domain with six antiparallel ^-strands that form a p-barrel struc- 
ture. Within this p-barrel are two distinct motifs. The first motif is composed 
of the first two ^-strands and the second, of the last two p-strands. One of the 
major differences between the various classes of cupins involves variations of 
the two middle p-strands and the less conserved loop of variable length that 
separates them. Some cupins exemplified by HAD, germin (oxalate oxidase) 
and germin-like proteins involved in the response of plants to pathogens and 
stresses are composed of a single domain. Other cupins are composed of two 
copies of the domain that probably arose from gene duplication. The group of 
two-domain cupins is exemplified by GO, l-hydroxy-2-naphthoate dioxyge- 
nase, oxalate decarboxylase and seed storage proteins. A special class of 
cupins exemplified by AraC/XylS-type transcription factors and some 
helix-tum-helix transcription factors are composed of a cupin domain linked 
to a DNA binding domain. In these proteins, the cupin domain binds the 
effector molecule^*’ 

In those cupins that possess a catalytic hmction, a metal ion is often pre- 
sent at the active site. When present, the metal ion ligands are found in each of 
the two P-sheet motifs. Cupins utilize as diverse a range of metal ions as the 
vicinal oxygen chelate siq>erfamily: iron in GO^*, l-hydroxy-2-naphthoate 
dioxygenase^®, HGO’^*, HAD*^ and cysteine dioxygenase*^^; manganese in 
oxalate decarboxylase, germin (oxalate oxidase) and germin-like proteins^’ 
zinc in phosphomannose isomerase^^; copper in quercetin 2,3-dioxygenase"^; 
nickel in acireductone dioxygenase^*^ and nickel or cobalt in enolase-type 
enzymes^^. 
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4. STRUCTURAL ASPECTS OF EXTRADIOL 
DIOXYGENASES 

Crystal structures of Fe(II)-dependent extradiol and extradiol-type 
dioxygenases are now available in the ferrous (active) form for DHBDlb 400 
(Figure 4A)^^ DHBD from Peudomonas sp. KKS102 (DHBDkksioi)^'^^ 
C230mt2^^ and in the ferric (inactive) form for DHBDkksio2^^^? 4,5-PCDsyk-6 
(Figure and human HGO (Figure 4B)^^^. Even though these enzymes 
represent each of the three families of extradiol and extradiol-type dioxyge- 
nases and possess the overall structural folds discussed in Section 3, they all 
share similar active sites and all have the same iron ligands, two histidines and 
one glutamate, that constitute the 2-His 1-carboxylate structural motif Several 
other conserved residues identified through sequence alignments of each type 
of dioxygenases were observed at their respective active sites^"^’ Further 
investigation is required to probe the respective roles of these residues in the 
catalytic mechanism. This section focuses on those structural aspects of extra- 
diol dioxygenases that are not discussed within the context of the classifica- 
tion (Section 3) or catalytic mechanism (Section 6) of these enzymes. 

4.1, Type I Extradiol Dioxygenases 

All Type I extradiol dioxygenases identified to date consist of a single 
type of subunit. The size of this subunit is typically 21 and 32.5 kDa for one- 
and two-domain enzymes, respectively. The vast majority of type I enzymes 
identified to date are two-domain, suggesting that the catalytically inactive 
N-domain confers some sort of advantage to the host. Steady-state kinetic 
characterization of one- and two-domain DFlBDs in R. globerulus P6 suggests 
that the latter are significantly more catalytically etficient^"^^. It is thus tempt- 
ing to speculate that the N-domain enables the C-domain to explore a greater 
range of sequence space, perhaps by conferring additional stability, thereby 
permitting the evolution of a more efficient active site. However, characteriza- 
tion of additional enzymes is necessary, particularly as the preferred substrates 
of the one-domain enzymes may not yet have been identified. 

The one-domain enzymes are typically hexameric. In contrast, 
the two-domain enzymes exist in a range of oligomeric states. For example, 
2,2',3-trihydroxybiphenyl 1,2-dioxygenase from Sphingomonas sp. RWl 
is monomeric^^, C230mt2 is tetrameric^^ and DHBDlb 4 oo is octameric^"^. The 

physiological significance of these different oligomeric states is not clear. 

Sequence alignments'^^ and the structures of three different 
enzymes^"^’ indicate that the tertiary structures of two-domain type I 
extradiol dioxygenases are very similar even though the sequence identities of 
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these enzymes can be less than 15%. The crystal structure of substrate-free 
DHBDlb 400 ? determined at a resolution of 1.9 revealed that each 
monomer comprises one chain of 297 residues, the N-terminal methionine 
being excised. Each monomer possesses two domains of very similar structure 
(Figure 4A), the ferrous iron located in the C-terminal domain (C-domain). 
Each domain is made-up of two modules as described in Section 3.1: 

modules 1 and 2 comprise the N-domain, modules 3 and 4, the C-domain. A 
large, funnel-shaped space lies entirely within the domain where the active site 
ferrous iron is ligated deep within this space in the C-domain. The C-domain 
possesses two additional p-strands after the common core structure and the 
central funnel is slightly larger than that of the N-domain. Therefore, evolu- 
tionary adaptation of the two-domain enzymes seems to have resulted in the 
loss of a second active site within the N-domain. 

The ferrous iron active site is located midway in the 20 A long funnel of 
the C-terminal domain. This funnel is opened at both ends, the large opening 
is 10 A wide and the smaller opening is 6 A wide. Thus the iron is probably 
only accessible to catecholic substrates from the wide opening, but water or O 2 
can access the iron through either end. The coordination geometry of the 
iron is that of a well-defined square pyramid, with His 146 as the axial ligand, 
and His210, Glu260 and two waters as equatorial ligands in the basal plane 
(Figure 5)^"^. Spectroscopic studies of C230jnt2^^’ ™ and DHBDlb 400 ^^ provide 
further evidence for the five-coordinate, square pyramidal geometry of the 
iron in the substrate-free enzyme. 

The crystal structures of DHBDkksio2 with and DHBDlb4oo 

with various catecholic substrates^^’ show that the latter bind to the iron 
inside the funnel-shaped cavity. The catechol ring binds in a restricted pocket 
that is highly complementary in size and shape. It is generally assumed that the 
crystallographically observed binding mode, which is similar in all reported 
complexes, is the one that leads to productive catalysis. One hydroxyl group of 
the substrate binds in the site trans to His 146, whereas the other binds trans to 
His210, displacing the two ordered water ligands (Figure 6). Interestingly, a 
hydrogen bonded water bridges Asp244 and the 3-hydroxyl group. In some of 
the ES complexes, a water is also observed between His 195 and the Fe. 
However, the degree of occupancy of this water site seems to depend on the 
crystal preparation^"^^. Indeed, it was not occupied in a recent structure of the 
DHBDkksio2 • DHB complex^^"^. Moreover, spectroscopic studies indicate that 
the C230jnt2 • catechol^^’ and DHBDlb 4 oo • DHB^^ complexes are 5-coordi- 
nate. This site is occupied by NO in the DHBDkksio2-DHB:NO ternary 
complex^^"^ and likely represents the site for O 2 binding. 

Sequence alignments reveal that the one-domain enzymes are similar in 
structure to the C-domain of type I extradiol dioxygenases. The one-domain 
enzymes are nevertheless approximately 65 residues larger than the typical 





Figore 4. Ribbon drawings of the monomers of (A) DHBI\b 400 0^) HGO, and the protomers 

of (C) 4,5 -PCDsyk^ 3,4-PCDb-io* Each drawing is on the same scale and the Fe atoms, 

which are drawn as magenta ^heres, have been aligned at the same vertical position. For 
DHBE>lb 400 and HGO the course of the polypqitide backbone is color-ranqied fiom blue (N-ter- 
minus) to red (C-terminus). For (C) 4,5 -PCDsyk- 6» lEc larger p subunit is colored fiom blue 
(N-tenninus) to blue-green (C-ierminus), and the p chain is colored fiom yellow (N-terminus) to 
red (C-terminus). For 3,4 -PCDb_io, the larger a chain is colored fiom blue (N-terminus) to blue- 
green (C-terminus), and the p chain is colored fiom green (N-terminus) to red (C-terminus). The 
N- and C-terminal residues of each chain are labeled with ^and C. In the drawings of HGO and 
3,4-PCDB-i(h residues not resolved in the crystal structures are represented by breaks in the 
ribbons; symbols (Xl,Yl) and (A2,K2) mark the begimiing (X) and end (f) of breaks. Programs 
MOLSCRiPT*' and raster3d^ were used to prepare the drawings. 
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Figure 5. Structure of the active site of DHBDlb 400 * Caibon, oxygen, nitrogen, and iron atoms 
are colored orange, red, cyan, and green, re^)ectively. Hydrogen bonds are indicated by yellow 
dotted lines (adapted from ref. [54]; figure made using PyMol^). 




Figure 6. Hydrogen bonding in the active site of the DHBDlb 4 oo - complex. Caibon atoms 
are colored orange in protein residues and yellow in DHB. Oxygen, nitrogen, and iron atoms 
are colored red, cyan, and green, respectively. Fe-ligand bonds are indicated by gray sticks, and 
hydrogen bonds are indicated by green dotted lines (From ref. [143]. Reprinted with permission 
from the American Chemical Society.). 
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C-domain of two-domain enzymes. The structure of these residues is 
unknown, but they are presumably required to stabilize the catalytic domain of 
these enzymes. 

Sequence alignments further suggest that no type I extradiol dioxyge- 
nases possesses an active site in the N-terminal domain"^^ However, an inter- 
esting module-swapping event may have occurred in the evolution of HQOs. 
More specifically, the first iron ligand in type I dioxygenases is a conserved 
histidine that is normally positioned at the beginning of the first (3-strand of 
module 3 (Hisl46 in DHBDlb 4 oo)- This residue is not conserved in HQOs. 
However, a histidine residue is conserved at a similar position at the beginning 
of the first P-strand of module 1. It is tempting to speculate that the two 
domains of the HQO subfamily of type I enzymes comprise modules 1 and 4 
and modules 2 and 3, respectively, and that the former contains the active site. 

4.2. Type II Extradiol Dioxygenases 

As noted in Section 3, the characterized type II extradiol dioxygenases 
are all multimers possessing one or two different subunit types. For example, 
2,3-dihydroxyphenylpropionate 1 ,2-dioxygenase HPCDecoc^^^ 

C230jmp 222-I^^ homooligomers, whereas 4,5 -PCDsyk 6^^^ APD^^’ 
have a 2^2 composition. In the case of 4,5 -PCDsyk 6? the subunits appear to be 
unrelated, and the P subunit is similar to the protomers of the homooligomeric 
enzymes. In contrast, the two subunits of APD share sequence similarity, but 
it appears that only the P subunit contains an active site. 

Of the type II enzymes, the only known structures present the ferric 
form 4,5-PCDsyk6 the free-enzyme and in a binary complex with protocat- 
echuate (Figure 4C)^^^. The larger p subunit has 302 amino acids that form a 
globular a/p structure composed of 1 1 P strands, nine a helices and one 3io 
helix. The 139 residues of the a subunit form 10 a-helices, which assemble 
into a rather noncompact plate-like structure that interacts extensively with 
one face of the P subunit of the same protomer and with the P subunit of the 
second protomer. The latter a-p contacts stabilize the a 2 P 2 dimer, which lacks 
a-a or p-p contacts. 

The active site is located in a cleft in the P subunit on a surface that is 
extensively covered by the a subunit. The catalytically essential Fe is thus 
buried and is approximately 15 A from the surface of the enzyme. In the 
substrate-free form of the enzyme, the Fe is coordinated in a distorted trigonal 
pyramidal geometry by His residues pi2 and P61, Glu P242 and one water 
molecule. The protein ligands form the base of the pyramid and the Fe is 
displaced from the basal plane toward the water ligand. A potential weak fifth 
ligand, Asn P59, is located trans to the water at a distance of 2.9 A. Although 
the protein ligands are identical in character to those observed for the type I 
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enzymes, the three-dimensional arrangement of the ligands is effectively enan- 
tiomeric in that one His and the Glu ligand exchange locations relative to the 
positions in DHBDlb 40 q and C230mt2* Binding of protocatechuate involves 
both hydroxyl groups and displaces the water ligand. The complex has a dis- 
torted trigonal bipyramidal geometry, with His (361 and the 3-hydroxyl moiety 
as axial ligands. 

4.3. The 2-His-l-Carboxylate Structural Motif 

Despite the phylogenetic diversity of extradiol-type dioxygenases, they 
all contain a 2-His-l-carboxylate structural motif^^’ This structural motif is 
found in a wide variety of unrelated non-heme Fe(II) enzymes, including other 
microbial catabolic enzymes, illustrating its ability to provide a catalytic basis 
for diverse reactions. The active site of these enzymes contains an Fe(II) lig- 
ated by two histidines and one carboxylate all located on one face of the Fe(II) 
coordination sphere. This motif therefore provides up to three sites to ligate 
solvent species or substrate molecules on the other side of the coordination 
sphere. In addition to the three families of extradiol-type dioxygenases men- 
tioned above, at least three additional families of enzymes have been identified 
to utilize this metal ion site: ring-hydroxylating dioxygenases, pterin-dependent 
hydroxylases, and a-ketoglutarate dependent enzymes. The latter include 
some closely related enzymes that do not utilize a-ketoglutarate as a cosub- 
strate. Ring-hydroxylating dioxygenases, exemplified by naphthalene and 
biphenyl dioxygenases^^’ catalyze the NADH-mediated c/5'-dihydroxylation 
of an arene double bond yielding a cw-diol. The Fe(II) of these enzymes has 
two available sites as it is ligated by the two oxygens of the carboxylate group. 
Pterin-dependent hydroxylases, such as mammalian phenylalanine and tyro- 
sine hydroxylases'^"^, use tetrahydrobiopterin as a cofactor to hydroxylate the 
ring of aromatic amino acids residue in the synthesis of brain signaling mole- 
cules. A homolog in Pseudomonas aeruginosa hydroxylates phenylalanine to 
tyrosine Examples of a-ketoglutarate-dependent enzymes and related 
enzymes include enzymes involved in the synthesis of P-lactam antibiotics. 
Among these enzymes, isopenicillin N synthase^^® requires no cofactor, 
whereas deacetoxycephalosporin C synthase^"^^ and clavaminic acid syn- 
thase both require a-ketoglutarate as a cosubstrate to facilitate their respec- 
tive reactions. Another member of this family that does not require 
a-ketoglutarate as a co-substrate is 1-aminocyclopropane-l -carboxylic acid 
oxidase^^, an enzyme involved in the formation of the plant signaling molecule 
ethylene. This enzyme requires ascorbate as a cofactor and CO 2 as an activa- 
tor for continuous turnover. Interestingly, the enzymes in this family have 
recently been suggested to be members of the cupin superfamily based on their 
similar distorted jelly roll (3-barrel structure^^. 
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The remarkable range of reactions catalyzed by this type of Fe(II) 
center can be explained by the mechanism of these enzymes that always 
involves binding of oxygen atoms to the open sites of the Fe(II) center. This 
motif can be seen as the counterpart of the heme cofactor \^ere only one site 
is available for endogenous ligand compared to three for this motif. The close 
proximity of the three open sites allows the juxtaposition of the two reactants 
to promote catalysis. In addition to the enzymes described here, iron superox- 
ide dismutase^ and lipoxygenase^^ also have this structural motif. However, 
they have an additional histidine ligand, which alters the role of the iron as it 
shuttles between the Fe(III) and Fe(II) oxidation states during catalysis. The 
contrast between these two enzymes and the Fe(II) oxygen activating enzymes 
shows the flexibility of the 2-His 1-caiboxylate motif 



5. STRUCTURAL ASPECTS OF BVTRADIOL 
DIOXYGENASES 

More than 20 crystal structures representing three distinct intradiol 
dioxygenases are currently available in the Protein Data Bank. The type mem- 
ber of the class is 3,4 -PCDb_iq, \^ch is a large, dodecameric assembly with 
tetrahedral symmetry'®^’ The protomer comprises two chains of related 
structure, a and p, and binds one ferric Fe atom at the active site (Figure 4D). 
The oligomer resembles a porous and hollow, truncated tetrahedron with an 
edge length of approximately 180 A. Contacts between protomers are largely 
mediated by the P subunits, >^ch interact extensively across tetrahedral 
2-fold axes to form an irmer shell surrounding a central cavity of approxi- 
mately 50 A in diameter. The a subunits associate around the 3-fold axes at 
each apex and coincidentally lie at the comers of the opposing bases, which 
have a central pore outlined by P subunits. The crystal stmcture of a homolog 
from Acinetobacter sp. strain ADPl, 3,4-PCDAOPb demonstrates the same 
(apFe(III))i 2 quaternary stmcture^^®, whereas other 3,4-PCDs utilize the same 
protomer in a variety of oligomeric states*^^. 

The a and P subunits of 3,4-PCDs comprise approximately 200 and 230 
residues, respectively, and are homologous but divergent**^^’ The level of 
identity between a and P subunits is 30% for 3,4 -PCDb_iq and 26% for 3,4- 
PCD/vopb ^^ereas alignments between the two species yield 49% and 56% for 
the a and P subunits, respectively^^®. The secondary structure of the subunits 
is nearly all p and is dominated by a p sandwich described as an eight-stranded 
sheet folded in half to form two layers. The P sandwich and two large con- 
necting loops form a stmcturally conserved core such that 127 equivalent Ca 
atoms from the two chains of 3,4 -PCDb_io can be superimposed with an rms 
deviation of 1.04 A^®^. Although the p sandwich is a reasonably common 
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Structural motif, the topology of the core structure is so far unique to the 
intradiol dioxygenases^®^. 

The active site of each protomer is located at one end of the extensive 
interface between the a and P subunits near a 3-fold apex of the oligomer 
and is accessible from outside the protein. The p chain provides most of 
the residues in the vicinity of the Fe, although a short segment from near the 
N-terminus of the a chain (3-4 residues near residue 15) completes the active 
site. In the substrate-free enzyme, the Fe is bound by one water ligand and four 
protein side chain ligands supplied by the p subunit, including two t 5 rrosines 
and two histidines. The ferric iron of substrate-free intradiol dioxygenase has 
a distorted trigonal bipyramid geometry, with a tyrosine, a histidine and a sol- 
vent species coordinated in the equatorial plane and a tyrosine and a histidine 
coordinated in the axial positions (Figure 7A)^®^. The structures of a variety of 
binary complexes with substrates and substrate analogs indicate displacement 
of the axial tyrosine accompanies formation of productive complexes*®*. The 
structures of a series of competitive inhibitors suggest substrate binding may 
involve several stages prior to formation of the reactive complex*®^. 

The recent crystal structure of C120 adpi defined a second structural 
class of intradiol dioxygenases*"*^. This enzyme is a homodimer of a 311 
residue subunit. The subunit includes a catalytic domain that replicates the 




Figure 7. Structure of the active site of (A) substrate-fiee and (B) piotocatechuate-bound (B) 3,4- 
Carbon atoms are colored orange in amino acids and yellow in protocatechuate. Oxygen, 
nitrogen, and iron atoms are colored red, cyan, and brown, respectively (adapted fiom refs [105] 
and [108]; figure made using PyMol^). 



378 



Frederic H. Vaillancourt et ai 



basic core structure of the 3, 4-PCDs joined to an N-terminal, all-helical dimer- 
ization domain, which includes five helices and approximately 100 residues. 
The core structure provides four protein ligands in locations equivalent to 
those provided by the P subunit in the 3, 4-PCDs. An extended segment that 
links the dimerization domain to the catalytic domain replaces the short active 
site segment of the 3,4-PCD a chain. The coordination of the Fe in the 
substrate-free enzyme is largely the same, and substrate binding displaces 
the axial tyrosine. 



6. MECHANISM OF EXTRADIOL DIOXYGENASES 

The catalytic strategy utilized by the different types of extradiol dioxy- 
genases appears to be similar and the proposed mechanism is based on studies 
of members of each family^^. In the first step of this mechanism (Figure 8), the 
catecholic substrate binds to the ferrous iron in a bidentate manner, displacing 
the two solvent ligands'^’ Spectroscopic data demonstrate that 

DHBDlb 400 binds its preferred substrate, DHB, as a monoanion^"^^ as had 
been inferred from XAS studies of C230mt2^^^- The observed asymmetric 
binding of DHB to DHBDlb 4 oo (^Fe-o ~ 2.0 and 2.4 indicates that 0-2 
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Figure 8. Proposed mechanism of extradiol dioxygenases with the role of conserved active site 
residues (adapted from refs [16] and [128]). For clarity, the displacement of solvent species from 
the ferrous center is not depicted explicitly. 
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is deprotonated, but not 0-3. The binding of the catecholic substrate to the iron 
activates the latter for O 2 binding^’ Subsequent steps in the catalytic 

mechanism are less well substantiated. Biochemical studies provide some sup- 
port for a mechanism involving iron-mediated transfer of an electron from the 
catechol to the O 2 , yielding a semiquinone-Fe(II)-superoxide intermediate^^ ^ 
This species is proposed to react to give an iron-alky Iperoxo intermediate 
which undergoes alkenyl migration, Criegee rearrangement and 0-0 bond 
cleavage to give an unsaturated lactone intermediate and an Fe(II)-bound 
hydroxide ion. The latter hydrolyzes the lactone to yield the reaction 
product^^^. 

The crystal structures of various complexes of DHBDlb 400 ^nd DHBD- 
KKSi 02 ^^^’ suggest roles for the different conserved active site 

residues in the mechanism of extradiol dioxygenases. The structural data 
strongly suggest that the conserved active site His241 of DHBDlb 4 qo assists in 
the deprotonation of the catechol in the enzyme-catalyzed reaction (Figure 9). 
In the substrate-free enzyme, His241 is presumed to be in the imidazole (neu- 
tral) state because of its proximity to the Fe(II) atom and its hydrogen bonding 
interactions. The substrate-induced structural changes (Figure observed 
for His241 are consistent with its protonation. In the enzyme : DHB complex, 
the side chain of His241 is stacked with the catechol ring and His241 and 
Glu260 have rotated toward each other forming a new hydrogen bond. This 
change implies that His241 has acquired a proton during formation of the ES 
complex. Tyr250 forms a new hydrogen bond with the 2-hydroxyl oxygen 
of the substrate. Tyr250 could act as a proton shuttle between the catecholic 
substrate and His241. 




Figure 9. Displacements of active site atoms/residues associated with DHB binding in DHB- 
Dlb 4 oo* This is a (divergent) stereoscopic diagram. Atoms and bonds in the substrate-free structure 
are represented by smaller spheres, thinner sticks and lighter shades. Carbon atoms are colored 
orange in protein residues and yellow in DHB. Nitrogen and iron atoms are cyan and green, 
respectively. Protein and DHB oxygen atoms are red, whereas water oxygens are magenta (From 
ref. [143]. Reprinted with permission from the American Chemical Society.). 
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In the subsequent step of the proposed mechanism, O 2 binds to the 
ferrous iron. As shown in Figure 8, the dominant form of this species 
would be Fe(III)-02 . Formation of Fe(III) would induce deprotonation of the 
3-hydioxyl, forming the dianion chelate, as pn^x)sed in intradiol enzymes'*®’ ***’ 
The proton could be picked up by the iron-bound superoxide. Interestingly, 
Ne2 of the conserved Hisl95 is positioned within 3 A of the proximal O atom 
in the modeled DHBDlb 400 • DHB : O 2 ternary complex*^, and could thus sta- 
bilize protonation of that particular O atom of the siq>eroxide species. A simi- 
lar role for this histidine in deprotonating the 3-hydroxyl group of the substrate 
and then stabilizing the superoxide species was suggested based on the crystal 
structure of a DHBDkksio2 • DHB :NO ternary complex*^'^. Electron transfer 
from the bound catechol would produce an Fe(II)-seniiquinone. Attack of the 
activated oxygen species in a pseudo-axial position at C-2 satisfies the orbital 
steering requirements proposed by Bugg to be critical for extradiol cleavage*®. 
In the subsequent step, the proton originating from the 3-hydroxyl group 
would assist in the heterolysis of the 0-0 bond in the proposed Criegee 
rearrangement that results in the lactone and the Fe-hydroxide. Finally, hydrol- 
ysis of the lactone by the Fe-bound hydroxide, and release of the proton on 
His241 complete the catalytic cycle. This mechanism (Figure 8) does not rule 
out alternate roles for Hisl95 and His241. However, it illustrates the impor- 
tance of the Fe(II)-bound monoanion in coordinating electron and proton 
transfer upon O 2 binding. 



7. INACTIVATION OF EXTRADIOL DIOXYGENASES 

Kinetic analyses have established that extradiol dioxygenases are subject 
to two forms of substrate inhibition, reversible substrate inhibition and a 
mechanism-based inactivation (or suicide inhibition), as well as oxidative 
inactivation in the absence of substrate. As discussed in greater detail in 
Sections 7.1 and 7.2, inactivation in the absence and presence of substrate are 
quite similar as both involve oxidation of the active site iron. 

Reversible substrate inhibition has been reported in a number of enzymes 
including DHBDlb 4 oo'*^’ *'*'*, DHBDcbi 5 *, DHBDp6^, 

and 2,3-dihydroxyphenyl-propionate dioxygenase*^®. Interestingly, it has only 
rarely been reported for C230s* *®. However, other than in DHBDlb 4 oo, it is not 
clear vdiat proportion of the decrease in the initial rate of DHB-cleavage at high 
concentrations of DHB is due to reversible substrate inhibition and irreversible 
suicide inhibition, respectively. Notably, the initial rates of cleavage of substi- 
tuted catechols by DHBDbn^ could not be fitted to the substrate inhibition 
equation®^. DHBDlb 4 oo is clearly subject to both modes of inhibition by both 
DHB and 3-ethylcatechol*'*^. While the mechanism of reversible substrate 
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inhibition is not clear, it is unlikely to involve negative cooperativity between 
the subunits of DHBDlb 4 oo ^ ^Iso been reported for a monomeric 
enzyme^^. It is possible that DHB could occupy the auxiUary t-butanol bind- 
ing site observed in the DHBDlb 40 o'I^I® complex^^, thereby inhibiting the 
cleavage reaction in a similar manner. 

7.1. Mechanism-Based Inactivation 

One physiologically significant aspect of extradiol dioxygenase function 
is mechanism-based inactivation. Although it was described over 20 years ago 
in C230nit2^*, the phenomenon was first recognized in mammalian HAD^. It 
has since been studied in APDjs 45 ^ and DHBDlb 400 pathway^"*^. 

Mechanism-based inactivation has been proposed to limi t the range of toluates 
metabolized by the TOL pathway^^ and the extent of transformation of PCBs 
by the bph pathway*^. 

The molecular basis of the mechanism-based inactivation of extra- 
diol dioxygenases has been subject to some debate. Thus, the inactivation of 
C230mt2 by 3-chlorocatechol has been suggested to occur either through 
reversible chelation of the active site iron^* or irreversible covalent modification 
by an acyl chloride species generated by the ring cleavage reaction**. However, 
no evidence for either mechanism has been presented. In contrast, the inactiva- 
tion of C230nit2 by alkyl catechols appears to involve the accidental oxidation 
of the active site Fe(n) to Fe(III) during turnover^. Interestingly, a halogenated 
substrate analog, 4-chloro-3-hydroxyanthranilate, had been suggested to inhibit 
HAD via covalent modification by an acyl halide***^, although it was subse- 
quently shown that this analog inhibits the enzyme reversibly in vivo*^*. 

Recent studies of DHBDl 34 oq indicate that the mechanism-based 
inactivation of this enzyme in the presence of a variety of catechols including 
3-chlorocatechol and DHB involves the dissociation of superoxide from the 
EAO 2 ternary complex with the concomitant oxidation of the active site Fe(II) 
(Figure 10)*"*^. More particularly, in vitro studies demonstrated that this inac- 
tivation results in the formation of Fe(III) and was reversed by anaerobic incu- 
bation of the inactivated enzyme with Fe(ll) and a reducing agent. Moreover, 
the mechanism-based inactivation of DHBDlb 400 does not involve covalent 
modification, as judged by a lack of change to the molecular mass of 
DHBDlb 400 inactivated by 3-chlorocatechol or other catechols. Further evidence 
for this conclusion comes from in vivo studies in which 3-chlorocatechol- 
inactivated DHBDlb 4 oo was readily reactivated in the absence of protein 
synthesis. The dissociation of superoxide from the EAO 2 complex prior to for- 
mation of an iron-alkylperoxo intermediate is consistent with the proposed 
catsAytic mechanism of extradiol dioxygenases and may represent a general 
means by which these enzymes are inactivated during catalytic turnover. 
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Figure 10. General mechanism of inactivation of extradiol dioxygenases. The exact step at which 
superoxide dissociates from the ternary complex has not been determined. The ligands in the 
ferric form of the enzyme are unknown (adapted from refs [16], [124], and [146]). For clarity, the 
displacement of solvent species from the ferrous center is not depicted explicitly. 



Consistent with this suggestion, catechol-inactivated APDjs 45 can be reacti- 
vated upon incubation with Fe(II) and a reducing agent^"^. Moreover, one study 
reported that the inactivation of C230mt2 by 3-chlorocatechol also involves 
oxidation of the active site Fe(II)^^^. It should be noted that while 3-chlorocat- 
echol inactivates many catechol-cleaving extradiol dioxygenase, CC230 gj3i, 
which is related to C230mt2^^ catalyzes the efficient cleavage of 3-chlorocate- 
chol^^. However, how this enzyme accomplishes this remains unclear. 

For both DHBDlb 400 C230mt2> oxidative inactivation is more 
marked for poorer substrates^^’ suggesting that the substrate-binding 
pocket of these enzymes is tuned both to maximize specificity for a particular 
substrate and minimize inactivation during catalytic turnover. Interestingly, the 
TOL pathway contains a 2Fe-2S ferredoxin to reactivate C230, thereby 
increasing the range of substrates that the organism utilizes as sole source of 
carbon and energy^ The ferredoxin is encoded by xylT, which is located 
immediately upstream of the C23 0-encoding xylE. Homologous ferredoxins 
are found in a number of catabolic pathways^^’ Interestingly, the partition 
ratio of C230 for catechol is 1,400,000^^, indicating that DHBDlb 400 is 
much more susceptible than is C230jnt2 to suicide inactivation by its putative 
preferred substrate. Despite the higher susceptibility of DHBDlb 4 oo to suicide 
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inactivation, no such ferredoxin has been associated with the bph pathway. 
However, the in vivo reactivation of 3-chlorocatechol-inactivated DHBDlb 4 oo 
in Burkholderia sp. LB400 and E, coli suggests that a nonspecific electron 
transfer protein can play this role^"^^. 



7.2. Oxidative Inactivation in the Absence of Substrate 

Extradiol dioxygenases are also susceptible to oxidative inactivation in 
the absence of substrate. This process also apparently involves binding of 
O 2 to the active site iron and the loss of superoxide^^^. It is possible that the 
high value of many extradiol dioxygenases for O 2 reflects the low 

affinity of the free enzyme for O 2 , which may have evolved as a protective 
adaptation against oxidative inactivation. For example, the K^q 2 of 
DHBDlb 40 o and 2-aminophenol dioxygenase are 1.3 and 710 

respectively. Interestingly, C230mt2» which is less susceptible to 02-dependent 
inactivation^^^ has a lower K^oi (^0 Moreover, the growth rate of R 

putida mt-2 on benzoate at different p02 is limited by the ^^02 of C230^. It 
is clear that some C230s have evolved to function in microaerobic environ- 
ments, and thus have even lower ^jn 02 (0.7 |jlM^^). In the latter case, there is 
presumably less O 2 to inactivate the C230. 

The oxidative inactivation of extradiol dioxygenases in the absence of 
substrate complicates their purification and characterization using aerobic 
buffers. This problem can be at least partially alleviated through the inclusion 
of organic additives such as isopropanol, ^-butanol and acetone in solutions of 
the enzymes"^^’ These additives were also used in crystallographic 

studies to stabilize the enzymes. The crystallographic data from DHBDlb 400 ^'^’ 
and C230jnt2^^ indicate that these additives occupy the active site, close to the 
catalytic iron center thereby stabilizing the active site and/or protecting the 
iron from direct access by oxidants or substrates. Consistent with this notion, 
^butanol competitively inhibited DHBDlb 4 oo^'^'^- Moreover, ^butanol and iso- 
propanol, which inhibit DHBDlb 400 J^ore effectively than ethanol and glyc- 
erol, also stabilize the enzyme more effectively. Interestingly, acetone 
competitively inhibits C230i„t2 Diore effectively than ^butanol inhibited 
DHBDlb 400 ^^’ This suggests that C230mt2 has a much higher affinity for 
acetone than DHBDlb 4 oo has for ^-butanol, and may explain why the former is 
so much more stable in acetone-containing buffers^^ than is DHBDlb 4 oo 
^ butanol-containing buffers. In C230mt2? h was even proposed that acetone 
binds directly to the iron^"^’ However, this direct binding remains to be clar- 
ified as the precision of the respective experiments was limited. Inspection of 
the /-butanol binding site in DHBDlb 400 of the acetone binding site in 
C230 reveals that it is partly formed by non-conserved residues, suggesting 
that the best organic stabilizer, if any, will be isozyme-specific. 
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Even with the addition of organic additives, the best reported aerobic 
preparations of DHBDlb 400 contain at most 50% of their complement of active 
site Fe(II)'^^. This variability in preparations of extradiol dioxygenases compli- 
cates spectroscopic studies and the determination of steady-state kinetic para- 
meters. For example, the k^at of C230nit2 been variously reported as 
930 s“^ (100 mM phosphate, pH 7.5, 25°C;^2) and 278 s“* (50 mM phos- 
phate, pH 7.5, 25°C;^^. These results demonstrate the value of anaerobic 
purification, and further illustrate the importance of calculating steady-state 
parameters as a fimetion of the metal content of enzyme preparations'"*^. 



8. MECHANISM OF BVTRADIOL DIOXYGENASES 

The proposed mechanism of intradiol dioxygenases has been developed 
based on biochemical, spectroscopic and structural studies of 3,4-PCDs and 
C120s (Figure 1 1)'^. As in extradiol dioxygenases, the intradiol enzymes uti- 
lize an ordered mechanism in which catechol binding precedes O 2 reactivity'*’ 
However, whereas extradiol enzymes activate the O 2 for nucleophilic 
attack on the catechols, intradiol enzymes appear to activate the catechols for 
electrophilic attack by O 2 . In intradiol dioxygenases, catechol binding is a 
multi-step process that ultimately results in displacement of an axial tyrosine 
and an equatorial hydroxide ion to yield a bidentate bound catecholate 
(Figure 76)"*^’ It is generally accepted that the displaced tyrosyl 

and hydroxide ligands accept the two hydroxyl protons of the substrate such 




Figure 11. Reaction mec hanis m proposed for 3,4-PCD (ach^ted fix)m refs [16] and [108]). 
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that the latter binds as a dianion^®^. In the next step, O 2 , thought to be 
sequestered in a hydrophobie pocket, attacks the bound catecholate directly, 
before coordinating to the iron and yielding an iron-alkylperoxo intermediate^'*. 
Although recent evidence indicates that this intermediate is similar in structure 
to that of the extradiol reaction'^^, in the case of intradiol enzymes, the Criegee 
rearrangement and 0-0 bond cleavage involve acyl migration to yield 
the cyclic anhydride and an iron-bound oxide or hydroxide. The latter 
fimctions as a nucleophile to hydrolyze the anhydride and yield the ring- 
opened product. 

The protonation state of the substrate is largely based on crystallograph- 
ically determined bond lengths, which indicate that the substrate is asymmet- 
rically bound: the long Fe-0 bond is tram to a tyrosinate ligand and the short 
Fe-O bond is tram to a neutral histidine ligand"'*’ The asymmetry is 

proposed to reflect ketonization of the bond tram to the tyrosine. A survey of 
the structures in the PDB database (3PCA, lEOB, IDLT) reveals that the Fe-0 
bond lengths are similar to those observed in ES complexes of extradiol 
enzymes (rp^.^ = 2.0 ± 0.1 A and 2.4 ± 0.2 A). Visible resonance Raman 
studies using the ligand-to-metal ion charge transfer bands show that 4-nitro- 
catechol and 3,4-dihydroxyphenylacetate bind to 3,4-PCD as dianions"'''’ 
UVA^is absorption spectroscopy corroborates dianionic binding of 4-nitrocat- 
echol to 3,4-PCD and C120''"’ 4-Nitrocatechol is an inhibitor of 3,4-PCD 
and 3,4-dihydroxyphenylacetate is a very poor substrate. Thus, these analogs 
may not bind in the same manner as the preferred substrate of the enzyme, 
PCA. However, structural data indicate that 3,4-PCD binds 3,4-dihydrox- 
yphenylacetate and PCA in a similar marmer. Considering the proposed impor- 
tance of dianionic binding of the substrate to substrate activation in the 
catalytic mechanism of intradiol enzymes"'*, it would be useful to obtain 
direct evidence for the protonation state of the bound substrate. This can 
probably be achieved using UVRRS"'. 



9. MECHANISTIC COMPARISON OF EXTRADIOL 
AND INTRADIOL DIOXYGENASES 

The stereo-electronic factors that determine extradiol versus intradiol 
cleavage from the common intermediate have been proposed to involve the 
orientation of the iron-alkylperoxo moiety relative to the oiganic substrate. In 
particular, the extradiol dioxygenases are proposed to form a pseudo-axial 
iron-alkylperoxo species that would favor alkenyl migration and the intradiol 
dioxygenases are proposed to form a pseudo-equatorial iron-alkylperoxo 
species that would favor acyl migration'^. The hypothesis that extradiol 
cleavage involves alkenyl migration vdiereas intradiol cleavage involves acyl 
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migration is supported by the range of compounds that are known substrates 
for these enzymes. Assuming that intradiol and extradiol ring cleavage proceed 
via a similar iron alkylperoxo intermediate, acyl migration can only occur in 
the known substrates of intradiol dioxygenases: catechols and substituted 
derivatives thereof In contrast, the cleavage of compounds such as gentisate, 
which do not have vicinal hydroxyl groups, can only proceed via alkenyl 
migration, consistent with the extradiol dioxygenase mechanism. 

An important difference in the initial stages of the proposed extradiol 
and intradiol mechanisms is the protonation state of the bidentate-bound cate- 
chol in the enzyme: substrate complex^ Thus, in extradiol dioxygenases, a 
monoanionic Fe(II)-bound catecholate activates the ferrous center for 02- 
binding^^’ By contrast, in intradiol dioxygenases, a dianionic Fe(III)- 

bound catecholate promotes direct electrophilic attack of the substrate by O 2 , 
a reaction that is further favored by ketonization of the catecholate^ Despite 
the proposed significance of the different protonation states of the substrate in 
the two enzymes, the evidence for dianionic binding in the intradiol dioxyge- 
nase is not definitive. Thus, structural"^®’ and EXAFS^^^’ data 

demonstrate that in both enzymes, the substrate is asymmetrically bound: one 
Fe-0 bond is shorter than the other. In the case of intradiol dioxygenases, this 
has usually been interpreted as a ketonized dianion'^®’ ^®^’ ^^®’ Most of the 
electronic absorption and resonance Raman data supporting this interpretation 
were obtained using poor substrates or inhibitors"^®’ ^^® which may not 
bind in the same manner as preferred substrates. Direct evidence for the pro- 
tonation state of a preferred substrate bound to an intradiol dioxygenase could 
presumably be obtained using the same approach that has been used to study 
an extradiol dioxygenase^"^^. 
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1. INTRODUCTION 

Alkanes are highly reduced hydrocarbon compounds that constitute about 
20-50% of crude oil. They are produced by geochemical processes from decay- 
ing plant and algal material, end up in the environment by natural oil seeps and 
human activities (oil-spills and run-off due to dispersed sources), and then dis- 
appear due to physical and biological degradation, a process estimated to 
amount to several million tons of alkanes per year^’ A probably much larger 
quantity (predominantly long-chain linear compounds) is produced throughout 
the biosphere by living organisms (plants, animals, and bacteria) as a structural 
element, vapor barrier, waste product, defense mechanism, or chemoattractant. 
Consequently, these compounds are a reliable C- and energy source for 
microorganisms of many different genera belonging to the high- and low- 
(G+C) Gram-positives, and the a-, (3-, and y-Proteobacteria. Frequently men- 
tioned genera are Mycobacterium, Rhodococcus, Bacillus, Acinetobacter, and 
Pseudomonas. Especially the last genus has played a prominent role in oil and 
alkane biodegradation studies as all lineages of the pseudomonads contain 
alkane-degrading species, they are easy to isolate and cultivate in the lab, 
not fastidious, (facultative) aerobes, grow well and as single cells in liquid 
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cultures. Although many organisms originally named ‘Pseudomonas’ have 
since been reclassified as a-, P-, and non-pseudomonad y-Proteobacteria 
based on DNA-DNA hybridization^^ and 16S rRNA sequencing^’ the true 
pseudomonads of the lineages Pseudomonas aeruginosa. Pseudomonas 
fluorescens, and Pseudomonas putida^ contain several well-characterized 
alkane-degrading isolates. The other major lineages of the pseudomonads; 
Pseudomonas stutzeri, Pseudomonas chlororaphis, and Pseudomonas 
syringae, also contain alkane-degraders, but these have not been characterized 
in detail. 

This chapter focuses on the molecular genetics and enzymology of 
enzymes and other proteins that are directly or indirectly involved in terminal 
alkane oxidation to 1-alkanols by pseudomonads. Alternative pathways for the 
degradation of alkanes have been described, but these pathways are much less 
well documented. Similarly, the degradation pathways of branched and cyclic 
alkanes by pseudomonads have received much less attention, and will be 
discussed only briefly. 1-Alkanols formed by terminal oxygenation undergo 
further metabolic steps that are, strictly speaking, no longer unique to 
alkane degradation and are carried out by enzymes that are also present in 
pseudomonads that do not grow on alkanes. Therefore, we limit the discussion 
of downstream metabolism to enzymes that are co-induced with alkane 
hydroxylases. 



2. ALKANE DEGRADING Pseudomonas 
ISOLATES 

Alkane-degrading microorganisms identified as Bacterium fluorescens 
liquefaciens (now P fluorescens), Bacterium pyocyaneum (now P aeruginosa). 
Bacterium stutzeri (now P stutzeri) were isolated and shown to be numerous 
in garden soil and ditch water as early as 1913^®'^. In fact, alkane degraders are 
ubiquitous, and many pseudomonads able to grow on these compounds were 
described already prior to 1950^^’ 

In the late 1950s, early 1960s of the last century, five alkane-degrading 
Pseudomonas strains, P aeruginosa Sol 20, P aeruginosa KSLA 473, 
P aeruginosa 196 Aa, P aeruginosa LA-P-6, and oleovorans'' PiUCC 29347, 
were isolated on medium-chain length alkanes (C6-C10) in different regions 
of the world (for references and details, see Table 1). Early experiments with 
these isolates showed that alkanes are metabolized to CO 2 and water, and that 
1-alkanols, aldehydes, and fatty acids are intermediates in the degradation 
pathway^^^. In the following decades, the strains were studied with respect to 
their alkane degradation pathways, the substrate range and biochemical prop- 
erties of the alkane-oxidizing enzymes, and the molecular genetics of the 




Table 1. Alkane-degrading Pseudomonas isolates. 
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alkane-degradation pathways. Interestingly, in 1998 all five isolates turned out 
to possess enzyme systems that are virtually identical (more than 99% 
sequence identity)^^"^. 

One of the five strains, the hexane-degrading soil isolate commonly 
known as P. oleovorans TF4-1L, GPol, or ATCC 29347, has come to dominate 
the research on the applications, biochemistry, and molecular genetics of 
alkane oxidation by pseudomonads. It was first described in 1963^, and was at 
the time tentatively identified as a strain of P oleovorans^. After strain 
improvement for the production of epoxides^^, it was submitted to ATCC as 
P oleovorans TF4-1L (ATCC 29347). However, in the authoritative paper of 
Stanier on the phytogeny of the pseudomonads^^^, the original isolate, listed as 
strain 266, was classified as a /? putida biotype A^^. ‘Strain 266’ was also sub- 
mitted to ATCC and is available but unlisted (ATCC 17633). As expected, the 
full-length 16S sequences of ATCC 29347 and 17633 were identical to each 
other^^^ and closely related to those of P putida FI and the P putida biotype 
A type strain DSM291T (99.7% and 99.2% sequence identity, respectively). 
ATCC 29347 was clearly much more distantly related to other pseudomonads, 
including the type strain of P oleovorans, DSM1045T (ATCC 8062), 
which was first described in 1941^"^. Therefore, ATCC 29347, or GPol, as the 
isolate is named in more recent publications, is now handled under the desig- 
nation given by Stanier; P putida GPol^^^ In the original paper by Lee and 
Chandler, P oleovorans (DSM1045T) was only shown to grow on naphthenic 
acids^^. Later it was reported to grow on w-octane^^, but this could not be 
confirmed^^^ 

Many other 'Pseudomonas' isolates were later reclassified as 
Burkholderia, Comamonas, Stenotrophomonas, and other genera^^’ This 
includes almost all 'Pseudomonas' isolates that degrade methane and are now 
called Methylobacterium. Another example is 'Pseudomonas butanovora', 
which contains a butane monooxygenase similar to soluble methane monooxy- 
genases^^, and is now thought to belong to the Thauera genus. A recent inves- 
tigation of 128 valid and invalid Pseudomonas isolates showed that only 57 
belonged to the genus Pseudomonas {sensu stricto)^. 

It is important to note that virtually all alkane-degrading pseudomonads 
were obtained by the a posteriori identification of isolates selected for the 
ability to utilize alkanes, not by screening available strains of the dif- 
ferent Pseudomonas species for the ability to grow on alkanes. It should 
also be noted that the frequency and ease with which alkane-degrading 
pseudomonads were isolated tells little about the total microbial popula- 
tion involved in the oxidation of alkanes under natural conditions because 
the enrichment methods may well have had a bias toward the isolation of 
pseudomonads. Nevertheless, several surveys suggest that pseudomonads 
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dominate in certain environments (e.g., a contaminated aquifer^^), although 
in other cases the Gram-positives were more numerous^^ 

3. ENZYMOLOGY OF ALKANE HYDROXYLATION 

In spite of the great diversity of Gram-negative and Gram-positive alkane- 
degrading organisms, almost all research on the enzymology of bacterial alkane 
oxidation has been carried out with R putida GPol {R oleovomns TF4-1L) 
and to a lesser extent with R aeruginosa strains Sol 20^ and 196 Aa (see 
ref [132]), all three containing virtually identical enzyme systems^^"^. 

Coon and coworkers were the first to report on cell-free enzyme 
preparations that hydroxylated radioactively labeled w-octane to octanoic acid, 
with octanol and octaldehyde as intermediate oxidation products^. The enzyme 
system responsible for the first oxidation step was originally named co-hydro- 
xylase based on the co-oxidation of fatty acids^^ but in later studies the 
designation ‘alkane hydroxylase system’ was used, since the enzyme system is 
believed to have evolved for the utilization of «-alkanes as carbon- and energy 
sources^"^. 

Biochemical characterization of the alkane hydroxylase system showed 
that it consists of three components; a particulate hydroxylase; and two solu- 
ble proteins, which act as electron carriers between NADH and the hydroxy- 
lase^"^ (Figure 1). The alkane hydroxylase is an integral membrane protein that 
requires phospholipids and iron for activity, and is inhibited by cyanide^^. Its 
primary sequence contains six hydrophobic segments that were shown to span 
the cytoplasmic membrane as a-helices, based on topology studies employing 
gene fusions with alkaline phosphatase and (3-galactosidase^^^. Four highly 
conserved sequence motifs contain histidines that are essential for catalytic 
activity, and are conserved in alkane hydroxylase and xylene monooxygenase 
sequences as well as in the much more distantly related desaturases^^’ 

The conserved histidines probably form the nitrogen-rich coordination sphere 
for two iron atoms, as shown by Moessbauer spectroscopy^^. 

The two electron transfer proteins that supply electrons for the 
monooxygenation reaction are rubredoxin and rubredoxin reductase^"^. The 
reductase is a flavoprotein that transfers electrons from NADH to rubre- 
doxin^^’ The latter belongs to a family of small electron-transfer proteins 
containing an iron coordinated by four cysteines^^. The rubredoxin of R putida 
GPol is unusual in that it consists of two rubredoxin-domains connected 
by a linker^^’ Most other rubredoxins involved in alkane hydroxylation 
(including those in R aeruginosa and R fluorescens) are ‘typical’ single- 
domain rubredoxins^^^. Electron transfer between rubredoxin reductase and 
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Figure 1. Structure of the membrane-bound alkane hydroxylase system of P. putida GPol. 
Membrane-bound alkane hydroxylases possess six transmembrane helices and four conserved 
histidine-rich motifs loi, i35 atoms in the active site are marked (•). Rubredoxin 

contains an iron atom marked (•) that is liganded by four cysteines. Several strains contain more 
than one rubredoxin, or larger proteins consisting of N-terminal and C-terminal rubredoxin 
domains connected by a linker^^^. Rubredoxin reductase is an FAD-containing NADH-dependent 
reductase^^. 



rubredoxin has been studied with isolated and purified proteins^^. However, 
transfer of electrons from rubredoxin to the alkane hydroxylase has not yet 
been investigated in detail. In vitro, rubredoxin and rubredoxin reductase can 
be replaced by spinach ferredoxin and ferredoxin reductase^®. The R putida 
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GPol rubredoxin and rubredoxin reductase can be replaced in vivo by homologs 
from Gram-negative as well as Gram-positive alkane-degrading strains^^^. 

4. MOLECULAR GENETICS OF ALKANE 
DEGRADATION BY Pseudomonas putida 

In 1973, the P. putida enzymes responsible for the oxidation of w-octane 
were shown to be encoded on a large transmissable plasmid named OCT^^, and 
ensuing classical genetics studies led to the identification of two genetic loci 
encoding the three components of the alkane hydroxylase system, a regulatory 
protein, and enzymes involved in further degradation steps^^ The two gene 
regions containing these loci were subsequently cloned, sequenced, and ana- 
lyzed for transcripts and translation products^^’ More 

recently, a 10 kilobase region separating the two alk gene clusters, and other 
flanking regions, were sequenced and analyzed^^^ (Figure 2). 

The first alk gene cluster was shown to contain the alkBFGHJKL genes. 
These genes constitute an operon^^ that encodes the alkane hydroxylase (AlkB), 
rubredoxin (AlkG), an aldehyde dehydrogenase (AlkH), an alcohol dehydroge- 
nase (AM), an acyl-CoA synthetase (AlkK), and an outer membrane protein 
(AlkL)^^’ The alkF gene encodes a second rubredoxin that has not been 
detected in alkane-grown cells, is not essential, and not active in alkane hydrox- 
ylation^^’ The third component of the alkane hydroxylase system, rubre- 
doxin reductase (AlkT), is encoded immediately downstream of the regulator of 
alk gene expression AlkS in the second alk gene cluster^^’ 

In another P. putida isolate named PI, a very similar gene arrange- 
ment was found, except that the alkST cluster is located upstream of the 
alkBFGHJKL operon (Figure 2). In both P putida isolates, DNA segments 
flanking the alk genes consist of a mosaic of complete and incomplete inser- 
tion sequences. In fact, two almost identical insertion sequences flank the 
alk genes of P putida PI. The combination of both insertion sequences 
(including the alk genes) is in turn flanked by a 4 bp direct repeat (CGTA), 
while the entire cassette appears to have interrupted another insertion 
sequence, all features that characterize Class I transposons (JrPpu-alkl)™ . 

A gene located downstream of alkL in GPol {alkN) encodes a homolog 
of methyl-accepting chemotaxis proteins (quite closely related to the chemo- 
taxis protein for naphthalene"^^). The alkN promoter region was found to be 
similar to the alkB-^romoiQV and contains an AlkS-binding site, suggestive of 
a role in chemotaxis toward alkanes. However, direct evidence could not be 
obtained. In P putida PI, the alkN gQWQ is located immediately downstream of 
alkL as an apparent additional cistron in the alkBFGHJKL operon. However, 
it is truncated by one of the flanking insertion sequences. Comparison of the 
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Figure 2. Sequence analysis of the P. putida GPol and PI alk genes and flanking DNA (adapted from [121]), and organization of alk genes in R aerugi- 
nosa PAOl and R fluorescens CHAO. The scale is in bases. Arrows represent potential coding regions. Checked arrows: open-reading-frame interrupted by 
frame shift or stops. Black arrows represent genes involved, or presumably involved, in alkane degradation, and vertically hatched arrows represent complete 
or partial transposase genes. Black bars correspond to (incomplete) insertion sequences Lines linking the R putida GPol and PI DNA segments indicate 
homologous regions. DR: direct repeats formed by lSPpu4.1 and \SPpu4.2. 
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alkN gene region in both R putida strains suggests that in R putida GPol, an 
insertion sequence has interrupted a previously existing alkBFGHJKLN 
operon exactly between alkL and alkN, and that the promoter-less alkN gene 
subsequently acquired an alkB promoter^^^ 



5. ALKANE DEGRADATION BY OTHER 
PSEUDOMONADS 

As mentioned above, Southern blots and partial sequencing of the 
alk genes showed that four R aeruginosa isolates contain alkane hydroxylases 
that are virtually identical to the R putida GPol enzyme system^^"^, and several 
additional Rseudomonas isolates were later found to contain (almost) identical 
genes as well^^ (van Beilen et al, unpublished). In general, AlkB homologs 
that are closely related to the R putida GPol enzyme are found frequently 
but appear to be present in Gram-negative strains only (probably mainly 
pseudomonads) As the R putida GPol and PI alk genes are located on the 
transmissible OCT-plasmid or on a Class 1 transposon, respectively^^^ and the 
two available R putida genome sequences (KT2440 & PRSl) do not contain 
alkB-homo\ogs, R putida is probably not the original host of this particular 
alkB-homo\og. A possible source could be marine y-Proteobacteria that are 
closely related to the pseudomonads (genera Marinobacter, Alcanivorax, and 
Oleiphilus, see below)^. 

Several research groups have used the R putida GPol alkB gene^^ as a 
gene probe in ecological studies. While in some studies alkB homologs were 
detected in 10-40% of the bacterial population^®^’ other groups did 

not detect alkB homologs at all^^’ However, only closely related alkB- 
homologs could be detected in these studies. 

Unlike the four R aeruginosa isolates Sol 20, 196Aa, KSLA 473, and 
LA-P-6 that are able to grow on medium-chain length (C5 to Cl 2) as well as 
long-chain length alkanes (Cl 3 to well over Cl 6), most R aeruginosa isolates 
(e.g., those obtained from clinical settings) only grow on alkanes longer than 
C12. These isolates lack close homologs of the R putida GPol alk genes^^"^’ 
but possess two alkane hydroxylase homologs that have about 35% amino acid 
sequence identity to the R putida GPol alkane hydroxylase^’ These 

long-chain alkane hydroxylases have not been characterized biochemically. 
However, both alkane hydroxylase genes were shown to encode functional 
enzymes that oxidize C12-C16 alkanes by heterologous expression in recom- 
binant strains that lack a functional alkane hydroxylase but express all other 
enzymes and proteins necessary for growth on alkanes. The R aeruginosa 
PAOl genome also encodes two rubredoxins and a rubredoxin reductase. 
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which were shown to be functional in alkane hydroxylation by heterologous 
expression in similar recombinant strains (Figure 

The biocontrol strain R fluorescens CHAO grows on C10-C24 alka- 
nes^^^, and was found to contain an alkane hydroxylase that had 50% amino 
acid sequence identity to the R putida GPol enzyme^^^ Two of the three 
(unfinished) R fluorescens genome sequences contain a similar gene (strains 
Pf-5 and SBW25). Deletion of this gene in CHAO resulted in a more limited 
growth spectrum: alkanes ranging from CIO to C 16 were no longer oxidized. 
However, longer alkanes were still oxidized, indicating that the strain contains 
a second alkane hydroxylase^®^. The knockout strain R fluorescens KOB2A1 
proved to be a good host for the expression of alkane hydroxylases from Gram- 
negative as well as Gram-positive strains^®®. In addition, it was possible to 
use the knockout mutant for the selection of substrate range mutants of the 
R putida GPol alkane hydroxylase: a mutation of W55 to serine or cysteine 
extended the range of alkanes that can be oxidized by this enzyme from 
C5-C13toatleast C5-C16^^\ 

Many other Rseudomonas strains that degrade alkanes have been 
described. However, in most cases, further data are not available, and the 
identity of the isolates has not been confirmed. An exception is the new 
Rseudomonas species Rseudomonas indica^^, which was recently shown 
to contain a novel alkane hydroxylase system. It has no detectable homology to 
other oxygenases, but the enzyme has not yet been characterized further^^. 

The closest relatives of the true pseudomonads are marine bacteria 
belonging to the genera Marinobacter, Alcanivorax, and Oleiphilus^. 
Interestingly, these bacteria contain alk genes that are very closely related to 
R putida and R aeruginosa alk genes. Alcanivorax borkumensis contains two 
alkane hydroxylases. The first shows 75% amino acid sequence identity to the 
R putida GPol alkane hydroxylase, and thus is the closest relative of the GPol 
alkane hydroxylase except for other R putida sequences^®®; the second shows 
60% sequence identity to the two R aeruginosa alkane hydroxylases, and is 
also their closest relative apart from other R aeruginosa sequences (van 
Beilen, unpublished data). Similarly, Oleiphilus messinensis also contains a 
close homolog of the R putida GPol alkane hydroxylase gene^®. 

Many Gram-positive and Gram-negative alkane-degraders, especially 
those that grow on alkanes longer than CIO, contain homologs of the 
Rseudomonas membrane-bound alkane hydroxylases that could be function- 
ally expressed in the R fluorescens alkBl knockout strain KOB2A1. In a tree 
of identity, AlkB-homologs obtained from pseudomonads show much greater 
sequence diversity than any other group of AlkB-homologs, such as those from 
the Acinetobacter strains, or the CHM-Rhodococcus group. This strongly sug- 
gests that horizontal gene transfer of alkane hydroxylase genes has occurred 
frequently, especially in the pseudomonads^®®’ 
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6. REGULATION OF ALKANE DEGRADATION 

Our current knowledge of the regulation of alkane oxidation in R putida 
GPol is summarized in Figure 3. A central regulatory element is the PalkB 
promoter, which controls the alkBFGHJKL operon^^. Expression from this 
promoter requires the presence of the transcriptional activator AlkS, and an 
inducer such as «-octane^^. Many compounds other than «-alkanes can bind 
to AlkS and induce expression of the alk genes, as was shown first for 
R aeruginosa KSLA 473^^^, and subsequently for R putida GPol"^^’ 

One of these alternative inducers, dicyclopropylketone (DCPK), has been used 
in many studies as it is non-metabolizable, less volatile than w-octane, and as 
efficient an inducer as w-octane"^^. The alkane- and DCPK-inducible promoter 
RalkB has since been exploited for the construction of expression systems for 
Escherichia coli and Rseudomonas^^’ and for the construction of a 

whole-cell bioluminescent sensor for bioavailable alkanes in groundwater 
samples^ 

AlkS itself is encoded by the alkST gene cluster, which is controlled by 
two promoters; RalkSl and RalkS2. RalkSl is a^-RNA polymerase-dependent 
and is essentially silent during exponential growth on a carbon source other 
than alkanes. In the stationary phase, transcription of the alkS gene from 
RalkSl increases^^’ AlkS has a binding-site that overlaps with RalkSl, and 
therefore acts as a repressor of RalkSl. However, in the presence of alkanes, 
AlkS bound to RalkSl can activate expression from RalkS2, which is located 38 
nucleotides downstream of RalkSl, resulting in high expression of the alkST- 
genes^^. The increased amount of AlkS due to this positive feedback mecha- 
nism then results in expression of the alkBFGHJKL operon from PalkB^^. The 
binding site of AlkS in RalkSl and RalkB was shown to be an 18- or 
20-nucleotide palindromic sequence by in vivo competition experiments^^^ 

A further level of control of alk gene expression is catabolite repression 
due to the presence of other carbon-sources Luria-Bertani broth 
caused a more than 50-fold repression of alk gene expression in the exponen- 
tial phase; lactate, glucose, and succinate gave a 3-4-fold reduction, while 
citrate did not affect alk gene repression. Catabolite repression did not occur 
when the alk genes were expressed in E. coli^^^. The R putida crc gene (encod- 
ing the catabolite repression control protein) was shown to have an important 
role in the repression caused by Luria-Bertani broth, but not in that caused by 
organic acids^^^. A mutation in the major terminal oxidase (cytochrome 
o ubiquinol oxidase) relieved catabolic repression by Luria-Bertani broth as 
well as organic acids^^. Together these levels of alk gene expression control are 
summarized as ‘physiological control’ in Figure 3. For a more general discus- 
sion of catabolite repression and physiological control in the pseudomonads, 
please consult Chapter 13 by F. Rojo and M. A. Dinamarca, Volume 2. 
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Figure 3. Alkane degradation by P. putida GPol (adapted from refs [25], [121]). Panel A shows 
the metabolic pathway of alkane degradation, and the role and cellular localization of Aik proteins. 
Panel B shows the general structure of the alk gene loci, and the regulation of the alk genes. 
For details, see sections on molecular genetics and regulation of alkane degradation. 
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In R putida GPol, the two electron transfer components of the alkane 
hydroxylase system, rubredoxin and rubredoxin reductase, are co-regulated 
with the alkane hydroxylase^®^. However, in R aeruginosa RRl, which 
contains the same two alkane hydroxylases as R aeruginosa PAOl, an entirely 
different regulation was observed. Whereas the two alkane hydroxylases were 
induced by alkanes, and were expressed differentially, depending on the 
growth phase^^, rubredoxin and rubredoxin reductase were expressed consti- 
tutively. In addition, the two alkane hydroxylase genes in R aeruginosa PAOl 
(and probably also in RRl) are not in close proximity to the genes coding 
for rubredoxin and rubredoxin reductase (rubAlA2B) on the genome of 
R aeruginosa PAOH^^. This gene organization and regulation most closely 
resembles that of Acinetobacter spp. ADPl and Ml. In these strains, the 
rubAB operons are also constitutively expressed, in contrast to the alkane 
hydroxylases, which are induced by alkanes^^’ 



7. DOWNSTREAM METABOLISM 

The product of the alkane hydroxylase reaction is usually a 1-alkanol. 
Most pseudomonads are able to grow on these compounds, even if they do not 
grow on alkanes; they possess chromosome-encoded alcohol and aldehyde 
dehydrogenases that convert the 1-alkanol to fatty acids. These are further 
degraded by P-oxidation to acetyl-CoA, which enters the central metabolism 
(Figure 3). Under nitrogen or phosphorous limitation 3-hydroxy fatty aci4 an 
intermediate of the P-oxidation cycle can be converted to the carbon-storage 
material poly-(3-hydroxyalkanoate). If the limitation is relieved the polymer 
serves as a carbon source. 

Several studies describe alcohol and aldehyde dehydrogenases in the 
isolates R aeruginosa 196 Aa (summarized in ref. [132]), R aeruginosa 
KSLA 473 (summarized in ref. [128]), R aeruginosa Sol 20^’ and R putida 
GPol 11’ 57, 117 results can be summarized as follows: Rseudomonas 

strains contain several alcohol dehydrogenases that are constitutively 
expressed and use NADP+ or NAD-h as cofactor. These enzymes are most 
likely chromosome-encoded. Alkane-grown cells express an additional mem- 
brane-bound alcohol dehydrogenase, which transfers electrons to artificial 
electron acceptors such as phenazine methosulfate or ferricyanide^’ 
and indirectly to oxygen if the enzyme is bound to the cytoplasmic mem- 
brane^^^. In R putida GPol, the gene encoding this enzyme (alkJ) was found 
to be linked to genes encoding the alkane hydroxylase system^^, which was 
confirmed by molecular cloning^^, sequencing and further enzyme assays^ 
The membrane-bound soluble-cofactor independent alcohol dehydrogenase 
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AM belongs to a family of proteins named GMC-oxidoreductases with diverse 
functions such as methanol and glucose oxidase and choline dehydrogenase^^. 

Two NAD"^ and one NADP"^-dependent aldehyde dehydrogenases were 
purified from P. aeruginosa 196 Aa, two of which were expressed consti- 
tutively. The third (NAD'^-dependent) aldehyde dehydrogenase was only 
found in alkane-grown cells^^^, and probably corresponds to AlkH of R putida 
GPol^^. An alkane- or aldehyde-inducible aldehyde dehydrogenase was also 
found in R aeruginosa Sol 20. It showed activity primarily toward aliphatic 
aldehydes (heptaldehyde or octaldehyde were the preferred substrates)^^. 

The fatty acids resulting from the sequential action of alcohol and aldehyde 
dehydrogenase could in principle be activated to acyl-CoA by chromosome- 
encoded acyl-CoA synthetases. However, analysis of the R putida GPol 
alkBFGHJKL operon showed that alkK encodes an additional acyl-CoA syn- 
thetase (AlkK) that complemented an E. coli fadD (acyl-CoA synthetase) muta- 
tion^ Its co-induction with the other Alk-proteins may prevent the accumulation 
of fatty acids. Alternatively, AlkK has a different substrate range than the 
chromosome-encoded enzyme(s), and is more active toward C5-C12 fatty acids. 



8. ALKANE UPTAKE AND SOLUBILIZATION 

Generally, alkane uptake is supposed to take place by three different 
mechanisms, (a) by direct cell-droplet interaction, (b) via uptake of alkanes 
dissolved in the aqueous phase, or (c) by interaction of cells with solubilized 
or emulsified hydrocarbon micelles or microdroplets"^®. Pseudomonas isolates 
typically do not use the first option^^. In the case of short alkanes, the solubil- 
ity is high enough to allow uptake from dissolved alkanes (for «-octane the 
solubility is 5 |xM; shorter alkanes are more soluble)^^. These short alkanes 
probably reach the alkane hydroxylase in the cytoplasmic membrane by 
passive diffusion and partitioning into the cytoplasmic membrane, not by an 
active uptake system. This is supported by the observation that recombinant 
E. coli strains containing the R putida alk genes grow well on alkanes^^, even 
though the wild-type E. coli does not possess pathways for the uptake and 
degradation of hydrocarbons or the production of biosurfactants. 

AlkL, one of the proteins encoded by the R putida GPol alkBFGHJKL 
operon, may serve as an alkane porin, as it is located in the outer membrane, 
and shows homology to an outer-membrane protein possibly involved in the 
uptake of naphthalene^ However, deletion of the alkL gene did not affect the 
ability of Pseudomonas or E. coli recombinants to grow on C5-C12 alkanes 
or to produce 1-alkanols from alkanes in hosts lacking an alcohol dehydroge- 
nase^ The upper operon of the xylene degradation pathway also encodes an 
outer membrane protein that was shown to be involved in xylene uptake. 
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and has homology to FadL (fatty acid uptake) and a range of outer membrane 
proteins encoded by catabolic operons^^ 

Longer alkanes are not soluble enough to support growth from dissolved 
substrate, and in many cases growth on such hydrocarbons is associated with 
the production of surface-active compounds. In R aeruginosa, an exported 
protein named Pra or Protein Activator solubilizes alkanes and thereby facili- 
tates alkane uptake by the cell^"^’ Two closely related proteins were found in 
R fluorescens CHAO, where they are encoded immediately downstream of the 
alkane hydroxylase gene (Figure Interestingly, an outer membrane- 
protein with homology to fatty acid porins is encoded immediately down- 
stream of the R aeruginosa as well as the R fluorescens pra genes, and thus 
could be an alkane-specific porin (Figure 2). 

Other factors involved in long-chain alkane degradation are rhamno- 
lipids. Several R aeruginosa mutants unable to grow on alkanes were found to 
be deficient in the production of rhamnolipids, while growth on alkanes could 
be restored by the addition of small amounts of rhamnolipids"^^’ In a recent 
study, it was demonstrated that rhamnolipids do not promote attachment of 
R aeruginosa to alkane droplets, but rather facilitate uptake of solubilized 
or emulsified substrate. The uptake of hydrophobic dyes stimulated by 
rhamnolipids seems to be an energy dependent process^^, suggesting that this 
could be true for long-chain alkane uptake as well. 



9, PHYSIOLOGY OF ALKANE-DEGRADING 
PSEUDOMONADS 

Growth on hydrophobic compounds such as alkanes can have profound 
effects on the physiology of a bacterium^^, and bacteria have developed elab- 
orate mechanisms to counter the effects of solvents on the cell membrane^^ 
(see also Volume 1, Chapter 20 by J. J. Rodriguez-Herva and Llamas; Volume 
1, Chapter 21 by K. Poole; and Volume 2, Chapter 17 by Segura et al). The 
specific effects of alkanes on the physiology of alkane-oxidizing 
Rseudomonas strains have been reviewed before^^^. Cultivation of R putida 
GPol in the presence of a bulk second liquid phase consisting of octane results 
in a number of characteristic changes. These include an increase of the mean 
acyl-chain length of the membrane phospholipid fatty acids in response to the 
expression of the integral membrane alkane hydroxylase. A second effect is 
the conversion of cis- to ^ra«5-unsaturated fatty acids in response to the 
production of 1-octanol by the alkane hydroxylase^ ^ These changes in the 
membrane lipid fatty acid composition lead to a decrease in membrane lipid 
fluidity, as shown by differential scanning calorimetry^^. 
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Although R putida GPol grows well in the presence of a bulk w-octane 
phase, cells are still damaged, resulting in a cell lysis rate of up to 0.10 hr“^ in 
a continuous culture at D = 0.21 hr“^ These rates could be lowered by 
50-70% by diluting w-octane in non-metabolizable long-chain hydrocarbon 
solvents^ ^ The cell lysis is probably related to the formation of large amounts 
of biosurfactant by R putida. This biosurfactant has been identified as con- 
sisting mainly of lipopolysaccharide, but also contain a significant amount 
of protein and lipids. The composition is most likely the result of a mix of 
specific cellular surfactant excretion and cell lysis caused by toxic effects 
of organic solvents^^. 



10. BIOCATALYSIS BY ALKANE-DEGRADING 
PSEUDOMONADS 

Two Rseudomonas isolates: R putida GPol {R oleovorans TF4-1L) and 
R aeruginosa KSLA 473, which were later shown to contain almost identical 
alkane hydroxylase systems, are the most thoroughly studied pseudomonads 
with regard to applications in the production of fine-chemicals. In a series of 
publications, R aeruginosa KSLA 473 was shown to hydroxylate a wide range 
of linear and branched alkanes, alicyclic compounds, and alkylbenzenes^^^ 
The same strain was earlier shown to catalyze the epoxidation of terminal 
olefins^^^’ 

After the initial observations by Coon and coworkers that the R putida 
GPol alkane hydroxylase system catalyzes the (o-hydroxylation of fatty acids 
and the terminal hydroxylation of alkanes^^, the R putida GPol alkane hydrox- 
ylase system was also shown to catalyze epoxidation reactions^^. This useful 
reaction was subsequently studied and exploited by Abbott and coworkers at 
Esso Research (now Exxon), who showed that 1-alkenes ranging from C6 to 
C12 could be epoxidated^ and that 1,7-octadiene is epoxidated at both ends^®. 
Production of 1,2-epoxyoctane in a bioreactor was optimized by repeatedly 
transferring a 1-octene layer containing 1,2-epoxyoctane to fresh growing 
cultures of R oleovorans GPol^^. Gist-brocades (now DSM) and Shell used 
several bacteria including R putida GPol, R aeruginosa Sol 20, R aeruginosa 
196 Aa, for the stereospecific epoxidation of 4-(2-methoxyethyl)phenylallyl 
ether, an intermediate in the production of 5'-(-)-P-blockers^^. A series of allyl 
benzyl ethers and other allylic compounds also yielded epoxides with variable 
enantiomeric excess^^. 

The alkane hydroxylase system catalyzes several reactions besides 
hydroxylation and epoxidation, such as the oxidation of terminal alcohols 
to the corresponding aldehydes^ the oxidation of 1-octene to 1-octanal as 
well as 1,2-epoxyoctane^^; sulfoxidation of thioethers and the demethylation 
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of branched methyl ethers^^ (Figure 4, reactions 3, 5, 6, 8). Compounds 14 and 15 
(Figure 4) are diagnostic substrates that undergo structural changes depending 
on the nature of the reaction intermediates. In the case of reaction 13, 
l-phenyl-2-buten-l-ol was the only product, which indicates that the reaction 
proceeds through a nonconcerted radical process^^, but the product does not 
rule out a cationic pathway. Norcamane hydroxylation (reaction 15), however, 
only produces reactants characteristic of a radical process, and does not yield 
cyclohept-3-en-l-ol, which would have been indicative of a cationic pathway^. 

In most substrate range studies, cell extracts of (partially) purified 
enzyme preparations were used. However, this is not practical for the produc- 
tion of fine-chemicals. Whole cells of the wild-type strain can be used for the 
production of epoxides, as these compounds appear to be dead-end metabo- 
lites in the alkane-degrading Pseudomonas strains discussed here. However, 
aliphatic or aromatic alcohols produced by Pseudomonas strains expressing an 
alkane hydroxylase are rapidly metabolized due to the presence of active alco- 
hol and aldehyde dehydrogenases in P putida GPol (see above). Therefore, 
Bosetti et al. (1992), introduced plasmid pGEc41, which encodes the alkane 
hydroxylase system but lacks the alcohol dehydrogenase gene alkJ that is part 
of the ( 2 /^-system^^, into the P putida strain PpS81, which lacks one of the 
chromosome-encoded medium chain-length alcohol dehydrogenase activities 
(AlcA)"^^. This recombinant (PpS8141) was then used to synthesize and 
accumulate 1-alkanols from linear alkanes^^. 

Using the same recombinant P putida strain, the in vivo conversion rates 
of a large set of linear, branched and cyclic alkanes, and alkylbenzenes, was 
investigated^ These results were quite similar to those obtained earlier for 
P aeruginosa KSLA 473 in retrospect not surprising as the alkane hydrox- 
ylase systems in these strains are almost identicaP^"^. In these studies, hydro- 
carbons were not hydroxylated when a tertiary carbon was present. Substituted 
cyclic alkanes were oxidized with high stereoselectivity at the 4-trans position 
of the ring relative to the substituents, but not at the methyl- or ethyl sub- 
stituents themselves (Figure 4, reaction 7). Several alkylbenzenes such as 
ethylbenzene (reaction 12) and its 3- and 4-substituted derivatives were 
oxidized with rates close to or superior to the rate for «-nonane^^^. The regio- 
selective oxidation of ethyl-substituted aromatic compounds has been 
exploited in industry to produce hydroxyethyl-substituted 5- or 6-membered 
heterocyclic compounds, such as 5-hydroxyethyl-2-methylpyrimidine (Figure 4, 
reaction 11)^^. 

The combination of a wide substrate range with high regio- and stereo- 
selectivity makes the Pseudomonas alkane hydroxylase systems useful for 
the production of fine-chemicals such as fatty acids, alcohols, epoxides, and 
sulfoxides, as will be discussed in more detail in Volume 3 (section entitled 
Catabolism and Biotransformations). 




Substrate 



Product(s) 




Figure 4. Oxidation reactions catalyzed by the R putida alkane hydroxylase system. Reaction 1: ref. [8]; reac- 
tion 2: ref [61]; reaction 3; ref [71]; reactions 4, 7, 12: ref [118]; reactions 5, 6: ref [52]; reaction 8: ref [69]; 
reaction 9: ref [23]; reaction 10: ref [50]; reactions 11, 14: ref [36]; reaction 13: ref [55]; reaction 15: ref [5]. 
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11. ALTERNATIVE PATHWAYS FOR THE 
BIODEGRADATION OF LINEAR, 

BRANCHED, AND CYCLIC ALKANES 

Subterminal oxidation of alkanes has been detected for several 
organisms, including pseudomonads^^’ The resulting secondary alcohols are 
converted to the corresponding ketones^^’ which can be oxidized to an ester 
by Baeyer-Villiger monooxygenases The esters in turn are hydrolyzed 
by an esterase to an alcohol and a fatty acid^^’ The Baeyer-Villiger 
monooxygenases and esterases have been characterized to some extent, how- 
ever, oxygenases responsible for subterminal oxidation of alkanes by 
pseudomonads have not been identified yet. 

Branched alkanes are considered to be more recalcitrant to degradation 
than linear alkanes because (a) branching inhibits the initial hydroxylation 
step 118, 132^ branched compounds do not induce alk genes^^\ (c) branching 

inhibits or blocks the regular ^-oxidation pathway, as demonstrated for 
P-alkyl-branched alkanes^^. Reports of pseudomonads that grow on branched 
or cyclic alkanes are scarce. Decane-utilizing mutants of Pseudomonas 
citronellolis, which grows on citronellol and C12-C16 alkanes, were able to 
grow on 2,6-dimethyloctane^^. Cyclohexane-degrading Pseudomonas isolates 
were described already in 1948"^^, and in 1980^, but these strains were not stud- 
ied further. Cyclic and branched alkanes are hydroxylated with relatively high 
rates by the P putida GPol and P aeruginosa KSLA 473 alkane hydroxy- 
lases However, these strains cannot grow on the oxidation products, prob- 
ably because they lack appropriate enzymes for the downstream metabolism. 



12. CONCLUSIONS AND OUTLOOK 

Much of the work on alkane hydroxylation by pseudomonads has 
focused on a few very closely related enzyme systems, and detailed structural 
information has not been forthcoming because the monooxygenase compo- 
nent of the alkane hydroxylase system is an integral membrane protein. Now 
that functional heterologous expression of a series of integral membrane 
hydroxylases and the selection of substrate range mutants has been achieved, 
the further functional characterization and modification of the substrate range 
of these enzymes has become feasible. Alkane hydroxylases in pseudomonads 
thus provide an important model system for the study of (distantly) related — 
also integral membrane — enzymes such as alkane hydroxylases in other 
microorganisms, xylene monooxygenases, desaturases, and enzymes that 
catalyze decarbonylation or the introduction of keto-groups in carotenes. The 
Pseudomonas enzymes are interesting in their own right as biocatalysts for 
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the production of a wide range of aliphatic and aromatic alcohols, aldehydes, 
acids, epoxides, and sulfoxides. The recent description of a new type of 
oxygenase in R indica, a new Pseudomonas species, suggests that there are 
still novel alkane hydroxylases to be discovered in the pseudomonads. 
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1. INTRODUCTION 

Pseudomonads are ubiquitous y-proteobacteria with a remarkable 
degree of physiological and genetic adaptability. Members of the genus 
Pseudomonas are found in large numbers in different natural environments 
(soil, freshwater, marine) as well as in association with plants and animals. 
These bacteria are involved in important metabolic activities in the environ- 
ment, being element cycling and degradation of biogenic and xenobiotic 
pollutants some of their major tasks^^’ The metabolic versatility of 

Pseudomonas strains has been used for biotechnological applications, mainly 
to degrade waste (bioremediation) and to synthesize specialty chemicals 
(biocatalysis)^^’ 

Next to glucosyl residues, the benzene ring is the most widely distrib- 
uted unit of chemical structure in nature. Moreover, the thermodynamic sta- 
bility of the benzene ring increases its persistence in the environment^"^. 
Aromatic compounds are also major environmental pollutants and a signifi- 
cant number of xenobiotics (e.g., polychlorinated biphenyls, polychlorinated 
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dioxins, nitroaromatics, etc.) belong to this family of compounds^^’ 

The catabolism of aromatic compounds involves a wide variety of peripheral 
pathways that channel structurally diverse substrates into a limited number of 
common intermediates which are further processed by a few central pathways 
to Krebs cycle intermediates^^’ In the aerobic catabolic funnel most 
of the peripheral pathways converge on dihydroxy aromatic compounds (cate- 
chol, protocatechuate, gentisate, homoprotocatechuate, homogentisate, hydro- 
quinone, hydroxyquinol) which are the substrate of ring-cleavage enzymes that 
open the aromatic ring^^. Aerobic degradation of phenylacetic acid is an 
exception since it requires formation of phenylacetyl-CoA as central interme- 
diate'^^. Figure 1 illustrates the catabolic potential of Pseudomonas to funnel a 
broad range of aromatic compounds, some of them important environmental 
pollutants, into the central metabolism. Whereas peripheral pathways involved 
in degradation of xenobiotic compounds, such as those carrying halogen atoms 
or nitro groups, are only present in certain Pseudomonas strains^^’ those 
involved in the catabolism of common aromatic compounds, such as benzoate 
or aromatic amino acids, are widespread. The general ability of Pseudomonas 
strains to use aromatic compounds as sole carbon source is related to the fact 
that most of these compounds are commonly present in the environment as a 
result of the recycling of plant-derived materiaP^. 

In this chapter we perform a chromosomal search and provide a global 
view on the catabolism of aromatic compounds by the Pseudomonas strains 
whose genomes are partially {Pseudomonas fluorescens and Pseudomonas 
syringae) or totally {Pseudomonas putida and Pseudomonas aeruginosa) 
known. 

P putida, a non-pathogenic member of rRNA group I of the genus 
Pseudomonas, is the best characterized saprophytic Pseudomonad and the 
genome of strain KT2440 (6, 181, 803 bp) has been recently sequenced^^. This 
bacterium is a TOL plasmid-ffee'^, spontaneous restriction-deficient deriva- 
tive of P putida mt-2^’ a strain that was isolated from soil by its ability to 
use w-toluate as the sole carbon source, a feature later shown to be due to the 
presence of the TOL plasmid pWWO^’ P putida KT2440 is mainly known 
by its ability to degrade aromatic compounds and for being an ideal host for 
expanding the range of substrates that it can degrade and/or biotransform in 
added- value products through the recruitment of genes from other microorgan- 
isms^^’ P putida KT2440 is able to grow in minimal medium containing 
benzoate, 4-hydroxybenzoate, benzylamine, phenylacetate, phenylalanine, 
tyrosine, phenylethylamine, phenylhexanoate, phenylheptanoate, phenyloctan- 
oate, coniferyl alcohol, 4-coumarate, 4-hydroxyphenylpropionate, ferulate, 
caffeate, vanillate, nicotinate and quinate (hydroaromatic compound) as sole 
carbon and energy sources"^^. 
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Figure 1. General view of the aerobic catabolism of natural and xenobiotic aromatic compoxmds in Pseudomonas. A broad range of aromatic compounds 
(boxed) funnel through a wide variety of peripheral pathways (represented by thick arrows) into a limited number of common intermediates (catechol, chloro- 
catechol, protocatechuate, homogentisate, gentisate, hydroxyquinol, hydroquinone, homoprotocatechuate, phenylacetyl-CoA), which are then processed by 
the cognate central pathways to Krebs cycle intermediates. 
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R aeruginosa PAOl is a major opportunistic human pathogen due to its 
resistance to antibiotics and disinfectants. This bacterium is the predominant 
cause of morbidity and mortality in cystic fibrosis patients. In addition, 
R aeruginosa is a normal inhabitant of the environment and it grows in soil, 
marshes and coastal marine habitat, as well as on plant tissues. The genome of 
R aeruginosa PAOl (6,264,403 bp) was the first one to be reported within the 
genus Rseudomonas^^ . R aeruginosa PAOl (strain 131 of Stanier et aL, 1966) 
uses L-mandelate, benzoylformate, benzoate, 4-hydroxybenzoate, quinate, 
tyrosine, phenylalanine, tryptophan, L-kynurenine, anthranilate, tyramine, 
dopamine, octopamine, synephrine, norepinephrine, 4-hydroxyphenylacetic 
acid, vanillylmandelic acid, homogentisate and gentisate as sole carbon 
sources^^’ 

R fluorescens encompasses a group of common, non-pathogenic sapro- 
phytes that colonize soil, water and plant surface environments. In addition to 
its ability to degrade a wide variety of organic compounds, R fluorescens 
strains produce a number of secondary metabolites and they have been used 
as biocontrol agents of plant pathogens and as plant-growth promoting 
bacteria^^^. The genome of three strains of R fluorescens, strain PfD-1, Pf-5 
and SBW25, are being sequenced by the Joint Genome Institute (http:// 
www.jgi.doe.gov/JGI_microbial/html/pseudomonas/pseudo_facts.html), The 
Institute for Genomic Research (http://tigrblast.tigr.org/ufmg/index.cgi? 
database =p_fluorescens|seq) and the Sanger Institute (http://www.sanger. 
ac.uk/Projects/P_fluorescens/), respectively. R syringae is a plant pathogen 
that has negative effects on both food and biomass production. Moreover, 
many strains of this species have been exploited for industrial purposes such 
as active ice nuclei catalyzers^^. The genomes of R syringae pv. tomato DC3000 
(http://www.ncbi.nlm.nih.gov/cgi-bin/Entrez/framik7db =Genome&gi = 279) 
and R syringae B728a (http://genome.jgi-psf org/draft_microbes/psesy/psesy. 
home.html) are being sequenced. 

While the first part of this chapter deals with the gene clusters encoding 
the central pathways for degradation of aromatic compounds in the 
Rseudomonas strains reported above, the second part deals with the gene clus- 
ters responsible for the peripheral pathways that funnel into the central routes. 
Some general conclusions are presented at the end of the chapter. Since the 
aim of this work is to provide a general view on the aerobic catabolism of 
aromatics derived from the in silico analyses of the genomes of some 
Rseudomonas strains, a detailed characterization of each catabolic pathway 
will not be addressed. The biochemical and genetic features of the aerobic 
pathways for the catabolism of aromatics have been revised in a series of 
review articles^^’ in the Biocatalysis/Biodegradation Database (http:// 
umbbd.ahc.umn.edu/) as well as in other chapters of this volume. 
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2. CENTRAL PATHWAYS FOR THE 
CATABOLISM OF AROMATICS 

A genomic search in the chromosome of the Pseudomonas strains that 
were subject of study (see above) revealed the existence of at least five major 
central pathways for the catabolism of aromatic compounds. The location and 
arrangement of the gene clusters encoding such central pathways in the com- 
plete chromosome of/? putida KT2440 and R aeruginosa PAOl is indicated 
in Figure 2. 

2.1. The |B-Ketoadipate Pathway 

Considering the ubiquity of the p-ketoadipate pathway (or^Ao-cleavage 
pathway) and its key role in the catabolism of a wide variety of aromatic com- 
pounds (Figure 1), it is not surprising that this pathway is present in all four 
Pseudomonas species whose genomes have been analyzed. The two branches 
of the P-ketoadipate pathway, that is, the protocatechuate branch (pea genes) 
and the catechol branch (cat genes), converge at p-ketoadipate enol-lactone in 
Pseudomonas, and one set of enzymes (pcaDIJF gene products) complete the 
conversion of the latter to the Krebs cycle intermediates, succinate and acetyl- 
CoA (Figure 3)^^. 

2.1.1. The Protocatechuate Branch 

Protocatechuate is a key intermediate in the catabolism of a number of 
natural and xenobiotic aromatic compounds (Figure 1). The pea genes encode 
the protocatechuate branch of the P-ketoadipate pathway^^ (Figure 3). 

While the pea genes are organized in two different clusters in 
P. aeruginosa, their orthologs in P. putida and P. syringae are arranged in three 
different clusters (Figure 4). The spread of pea genes in different clusters within 
the bacterial chromosome has been also observed in some P-proteobacteria 
such as Burkholderia pseudomallei and Ralstonia metallidurans^^ . In con- 
trast, the catabolic pea genes from P. fluorescens are arranged in a single 
cluster (Figure 4), which resembles the single pea gene cluster found in 
Acinetobacter sp. ADPl^^, in the a-^xoiQohdiCXQndi Agrobacterium tumefaciens 
and Caulobacter crescentus, as well as in the gram-positive nocardioform 
actinomycete Rhodococcus opacus^^’ 

The two pairs of genes pcaHG and pcalJ encode the separate subunits 
of the protocatechuate 3,4-dioxygenase and the P-ketoadipate succinyl-CoA 
transferase, respectively (Figure 3), and they are co-transcribed in different 
bacteria^^. The pcaHG gene products in P. fluorescens and the pcalJ gene 
products in P. putida show the lowest amino acid sequence similarity among 
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Figure 3. Peripheral pathways tunneling to the protocatechuate branch of the p-ketoadipate path- 
way. The enzymes and metabolites involved in each biochemical step are indicated. ?, means an 
unknown or putative enzyme. The thick arrow indicates the convergence of the catechol and pro- 
tocatechuate branches of the p-ketoadipate pathway. The protocatechuate central route is shaded. 
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pea gene products of different Pseudomonas strains, and this may reflect 
a different evolutionary origin for these pairs of genes in these bacteria. 
Thus, the pcalJ genes from R putida might have been originated in a 
non Pseudomonas strain since they are organized in a single cluster and they 
are more similar to orthologs from other proteobacteria, for example, 
Acinetobacter, Ralstonia and Burkholderia^^ , than to the equivalent pcalJ 
genes from other Pseudomonas species (Figure 4). Although in P aeruginosa 
and P syringae there are additional pcalJ-XikQ gene products (not shown in 
Figures 2 and 4) that show about 50% amino acid sequence identity with pcalJ 
gene products from P putida, the corresponding genes are not linked to the 
pea gene cluster^^ and, therefore, it is uncertain whether they are involved in 
the protocatechuate branch or they encode other CoA transferase activities 
such as those reported in degradation of dicarboxylic acids^^’ 

The peaR gene encodes a transcriptional regulator (IclR-type regulatory 
protein) of the pea genes and its location within the pea cluster differs among 
the four Pseudomonas species (Figure 4). In P putida, the PcaR activator was 
shown to control the P-ketoadipate-dependent inducible expression of genes 
peaRKFTBDCP and pealJ, which are required for the conversion of 
p-carboxy-c/5',c/^-muconate to Krebs cycle intermediates^^’ A gene ipeaQ) 
encoding a putative LysR-type regulator homologous to the PcaQ activator 
from A. tumefaeiens^^ is found in the vicinity of the peaHG genes in 
P aeruginosa and P syringae (Figure 4) and, therefore, it could behave as the 
regulator controlling the expression of peaHG in these Pseudomonas strains. 

The peaK and peaT genes encode proteins of the major facilitator super- 
family (MFS) for transport of 4-hydroxybenzoate and P-ketoadipate, respec- 
tively, in P putida PRS2000^^’ These two genes are present in the pea 
clusters of the four Pseudomonas species (Figure 4). A putative porin-encod- 
ing gene (peaP) is also found within the pea clusters (Figure 4). In P putida 
KT2440,pcaP is adjacent to the ttgCBA genes (PP1384, PP1385 and PPI386, 
respectively) encoding a solvent efflux pump^^, an arrangement similar to that 
observed in the solvent tolerant P putida DOT-Tl strain^^. 

2.1.2. The Cateehol Braneh 

Catechol is a common intermediate during degradation of a significant 
number of aromatic compounds (Figure 1). The eat genes encode proteins 
responsible of catechol degradation and they are usually organized in a single 
cluster^^. In Pseudomonas, the eat genes encode the catechol 1,2-dioxygenase 
(CatA) that cleaves catechol in ortho position, and the two enzymes (CatBC) 
that transform the ring-cleavage product, eis,eis-m\xcon3.tQ, into p-ketoadipate 
enol-lactone^^’ (Figure 5). Conversion of the latter to Krebs cycle inter- 
mediates is carried out by the products of the peaD, pealJ and peaF genes 
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Figure 5. Peripheral pathways fiinneling to the catechol branch of the p-ketoadipate pathway. The 
enzymes and metabolites involved in each biochemical step are indicated. ?, means an unknown 
or putative enzyme. The thick arrow indicates that the last biochemical steps of the catechol 
branch are carried out by the PcaDIJF enzymes of the protocatechuate branch (see Figure 3). The 
catechol central route is shaded. 

(Figures 3 and 5). In some bacterial species, such as Acinetobacter sp. ADPl, 
the catechol branch and the protocatechuate branch never converge and two 
independently regulated set of genes encode isofunctional enzymes for the last 
three steps of the pathway^^. 
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Whereas the catRBCA gene order is maintained in the single cat cluster 
of P. putida^^ and R aeruginosa (this arrangement differs from the catCBA 
order given by Kukor et al. [1988] and Zhang et al [1993]), R fluorescens has 
two sets of catBCA genes that lack the catR regulatory gene (Figure 6). So far, 
no cat cluster has been found in R syringae. Interestingly, a second catA gene 
(named catA2) that is present within the ben cluster for benzoate degradation 
(see Section 3.2.1) was found in R putida KT2440 (Figure 6)"^^. The catA2 
gene is not present in the ben clusters from other Pseudomonas strains such as 
R putida PRS2000^\ R aeruginosa and R fluorescens (Figure 6). However, it 
is known that R arvilla C-1 (later reclassified as P putida) has three functional 
isoenzymes (aa, ap and pp) of catechol 1,2-dioxygenase, being the a and 






Figure 6. Gene arrangement of the ben, cat and ant clusters in Pseudomonas. Genes are repre- 
sented by arrows: black (regulatory genes), stippled (transport genes), vertically striped (genes 
encoding the catechol 1,2-dioxygenase), horizontally striped (genes encoding the benzoate dioxy- 
genase/dihydrodiol dehydrogenase and the anthranilate dioxygenase), hatched (catabolic genes of 
the catechol branch), white (genes of unknown function). Asterisks indicate a second copy of the 
gene in the genome. Arrowheads represent the P. putida REP element. Vertical lines indicate that 
the genes are not adjacent in the genome. PP and PA numbers below the genes indicate the corre- 
sponding proteins in the annotated genomes of P putida and P aeruginosa, respectively. Numbers 
underneath the arrows indicate the percentage of amino acid sequence identity between the 
encoded gene product and the equivalent product from P putida KT2440 (adapted from ref. [45]). 
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P subunits encoded by the catA^t and catA^ genes, respectively^^. While 
the catA^ gene is homologous to the cat A gene from R putida KT2440, 
the N-terminal sequence of the a subunit of catechol 1,2-dioxygenase from 
R arvilla C-1^^ is homologous to the deduced N-terminal sequence of CatA2 
from R putida KT2440, suggesting that catA2 might encode an active catechol 
1,2-dioxygenase not reported yet in this strain. Certain bacteria such as 
Frateuria sp. strain ANA- 18, Acinetobacter Iwoffii K24, and Burkholderia sp. 
strain TH2 also possess two sets of catechol 1,2-dioxygenases, CatAl and 
CatA2^^. Although the significance of possessing two sets of CatA enzymes is 
still unclear, the second copy of the catA gene could have several functions 
such as avoiding accumulation of toxic catechol, facilitating the rapid forma- 
tion of the inducer (muconate) of the cat cluster, and increasing the range of 
catechol derivatives that can be ortho cleaved. 

The expression of the catBCA cluster in R putida is controlled by the 
CatR activator (LysR-type regulatory protein) in response to the inducer 
cis,cis-mucomtQ^^. A catR homolog that is transcribed divergently with 
respect to the cognate catBCA catabolic genes is also found in R aeruginosa 
but is lacking in the two cat clusters from R fluorescens. The gene arrangement 
in R fluorescens, as well as that of the catA2 gene in R putida KT2440, sug- 
gests that such cat genes could be under the control of the BenR regulator (see 
Section 3.2.1; Figure 6). 



2.2. The Phenylacetyl-CoA Pathway 

The pha genes encode the proteins involved in phenylacetate degrada- 
tion in R putida (Figure 7)"^^. The catabolism of phenylacetic acid represents a 
novel hybrid pathway which does not follow the conventional routes for aero- 
bic biodegradation of aromatic compounds, that is, activation of the aromatic 
ring by formation of dihydric phenols (aromatic compounds carrying two 
hydroxyl groups) such as catechol or protocatechuate. On the contrary, the 
aerobic catabolism of phenylacetic acid in Rseudomonas and other bacteria is 
initiated by a phenylacetyl-CoA ligase (PhaE) that activates phenylacetic acid 
to phenylacetyl-CoA, an enzymatic reaction that resembles the CoA thioester- 
ification of the aromatic ring in the anaerobic catabolism of aromatic com- 
pounds^"^. Then, phenylacetyl-CoA suffers an oxygenation reaction, cleavage 
of the aromatic ring and a (3-oxidation-like pathway of the ring cleavage prod- 
uct23’ ^3 (Figure jy So far, details on the enzymatic mechanisms and nature 
of the intermediates generated during the catabolism of phenylacetyl-CoA are 
still unknown. 

The pha cluster from R putida is organized in four discrete DNA 
segments (Figure 8A) which are predicted to encode six different functional 
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Figure 7. Peripheral pathways fimneling to the phenylacetyl-CoA pathway. The enzymes and 
metabolites involved in each biochemical step are indicated. ?, means an unknown or putative 
enzyme. TCA, indicates the Krebs cycle. The phenylacetyl-CoA central pathway is shaded. 



units: phaABCPD and phaE (P-oxidation-like pathway and CoA activation of 
phenylacetic acid, respectively), phaFOGHI (hydroxylation of the aromatic 
ring), phaJK and phaL (phenylacetic acid transport and putative dearomatiza- 
tion of the ring, respectively) and phaMN (regulation of the pha cluster). The 
gene arrangement of the pha cluster in R putida is different from that found in 
other bacteria, suggesting that various DNA rearrangements have occurred 
during the evolution of such cluster in each particular hosf^^’ The 
P-oxidation-like functional unit encoded by the phaABCPD genes shows the 
highest diversity and it is absent in some bacteria, suggesting that the missing 
gene products may be replaced by similar enzymes from other P-oxidation 
pathways in the cell. The phaJ and phaK genes from P putida, which encode 
a permease and a porin for the uptake of phenylacetic acid, respectively, are 
absent in the pha clusters of most bacteria"^^. It is worth noting that no pha 
cluster is present in the P aeruginosa, P fluorescens and P syringae strains 
analyzed, which agrees with previous studies revealing that most P aeruginosa 
and P fluorescens strains do not use phenylacetate as carbon source^^. 
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Figure 8. Gene arrangement of the (A) pha, (B) gtd and (C) hpa clusters in Pseudomonas. Genes 
are represented by arrows. PP and PA numbers below the genes indicate the corresponding 
proteins in the annotated genomes of R putida and R aeruginosa, respectively. Panel A: black 
(regulatory genes), stippled (transport genes), vertically striped (genes encoding the putative PhaL 
dearomatizing enzyme), horizontally striped (genes encoding the oxygenation complex), hatched 
(genes encoding the p-oxidation-like pathway), cross-hatched (gene encoding the PhaE phenyl- 
acetyl-CoA ligase). Arrowhead represents the R putida REP element. Panel B: black (regulatory 
gene), stippled (transport gene), vertically striped (gene encoding the gentisate 1,2-dioxygenase), 
hatched (catabolic genes of the gentisate pathway). Panel C: black (regulatory genes), stippled 
(transport genes), vertically striped (genes encoding the homoprotocatechuate 2,3-dioxygenase), 
horizontally striped (genes encoding the 4-hydroxyphenylacetate hydroxylase), hatched (catabolic 
genes of the homoprotocatechuate pathway). Numbers underneath the arrows indicate the per- 
centage of amino acid sequence identity between the encoded gene product and the equivalent 
product from R aeruginosa PAOl. 
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The regulatory phaN gene encodes a transcriptional repressor of the 
GntR family that controls the expression of the pha catabolic genes, being 
phenylacetyl-CoA the true inducer of the pathway^^. Although phaMx^ linked 
to the regulatory phaN gene in most bacteria"^^’ the physiological role of 
the phaM gene is still unknown. 

2.3. The Homogentisate Pathway 

Homogentisate is the central metabolite formed during degradation of 
some aromatic amino acids (Figure 1). The hmgABC genes from Pseudomonas 
are homologous to genes encoding the homogentisate dioxygenase (HmgA), 
maleylacetoacetate isomerase (Mai or HmgC) and fumarylacetoacetate hydro- 
lase (Fah or HmgB) that convert homogentisate into fumarate and acetoacetate 
(Figure 9) in Sinorhizobium meliloti^^ mAEmericella nidulans^^. 

A regulatory gene, hmgR, is divergently transcribed from the hmgABC 
catabolic genes (Figure 10) and it encodes a repressor of the IclR family of 
transcriptional regulators. Whereas the gene arrangement within the hmg clus- 
ters from P putida, P aeruginosa and P fluorescens is similar, the gene order 
is different in the hmg cluster from P syringae (Figure 10). A gene (hmgT) 
encoding a potential transport protein of the MFS is located downstream of the 
hmgC gene in the genomes of P aeruginosa and P fluorescens (Figure 10). 

2.4. The Gentisate Pathway 

Gentisate (2,5-dihydroxybenzoate) is a key intermediate in the aerobic 
pathways for the catabolism of a number of aromatic compounds such as 
3-hydroxybenzoate, 2-hydroxybenzoate (salicylate) and some phenol deriva- 
tives (Figure 1). Ring cleavage of gentisate is catalyzed by a gentisate 
1,2-dioxygenase (GtdA) to form maleylpyruvate, which is then isomerized to 
fumarylpyruvate via a glutathione-dependent maleylpyruvate isomerase 
(GtdC). Finally, a fumarylpyruvate hydrolase (GtdB) hydrolyzes fumarylpyru- 
vate to fumarate and pyruvate (Figure 1 1)^^^. 

The gtdABC genes from P aeruginosa show significant similarity to the 
equivalent nag genes from Ralstonia sp. strain U2 that encode the gentisate 
degradation pathway in this bacterium^®^. Therefore, the gtdRABTC cluster 
from P aeruginosa (Figure 8B) may be involved in gentisate catabolism. No 
similar gtd genes were found in the genome of the other three Pseudomonas 
species. The gtdR gene is divergently transcribed with respect to the catabolic 
genes (Figure 8B) and it is likely to encode a LysR-type transcriptional regu- 
lator. A putative transport gene (gtdT) is located between the gtdB and gtdC 
catabolic genes (Figure 8B). 
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Figure 9. Peripheral pathways funneling to the homogentisate pathway. The enzymes and metabo- 
lites involved in each biochemical step are indicated. The homogentisate central pathway is shaded. 
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Figure 10. Gene arrangement of the hmg and phh clusters in Pseudomonas. Genes are repre- 
sented by arrows: black (regulatory genes), stippled (transport genes), vertically striped (genes 
encoding the homogentisate dioxygenase), horizontally striped (genes encoding the phenylalanine 
hydroxylase), hatched (catabolic genes of the homogentisate pathway), white (genes encoding aro- 
matic amino acid aminotransferases), cross-hatched (genes encoding the 4-hydroxyphenylpyru- 
vate dioxygenase). Arrowheads represent the R putida REP element. Vertical lines indicate that 
the genes are not adjacent in the genome. PP and PA numbers below the genes indicate the corre- 
sponding proteins in the annotated genomes of P. putida and P aeruginosa, respectively. Numbers 
underneath the arrows indicate the percentage of amino acid sequence identity between the 
encoded gene product and the equivalent product from P putida KT2440. Values underneath tyrB 
and phhC genes were obtained by comparison with the tyrBl gene product of P putida KT2440. 
(adapted from ref. [45]). 
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Figure 11 . The gentisate pathway. The enzymes and metabolites involved in each biochemical 
step are indicated. 



2.5. The Homoprotocatechuate Pathway 

Homoprotocatechuate (3,4-dihydroxyphenylacetate) is the central 
intermediate in the catabolism of some hydroxylated aromatic acids and amines 
(Figure 1). In most bacteria, homoprotocatechuate becomes degraded via weto- 
cleavage of the aromatic ring by a homoprotocatechuate 2,3-dioxygenase. 
The resulting product (5-carboxymethyl-2-hydroxymuconic semialdehyde) is 
then converted into Krebs cycle intermediates via a dehydrogenative route 
(Figure 12)*^ 





fi^^'V'^COO' drtydr*t™« 



bj^itrvlw 






O^ » S ADH _ 

E3 



?|ljTW 



f dHlvdrBfn 



4-i>droi>lMm) lKffiiMdl>4f 




I Ay t- 2- 

kjrim^Hwraulit t»lai9f4ydf 

*riiil«M^>df ddltdr9C**«f« 









r I tjrrantiH 4fkjrdmt**M« 



JJ 



S-nrlwi} iiiHli> Mtcvuif 

KtMl' ^ «rt»i> ■i4k> l'2^tlnty SHnule 



xxrV 

Hp«Gl I 



S-CM^iy ■ 2-*i*k*ffi- 

dw w NiijIiw* 



2'by draiy ktftt-2,1 J k w uMmt * 

].kydni}lKp^l,4-dkwnttHlv 

4-k>4r*i> • 2-ktl«(>liii«li<* 



Hp«l *'kr4i»iy4^Mi«P*Mtaf» 



'■"V 






dcky^rapuM 



.Xy 



Figure 12. Peripheral pathways fUnneling to the homoprotocatechuate pathway. The enzymes and 
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P. aeruginosa is able to degrade homoprotocatechuate via a m^^a-cleavage 
pathway^^, and contains a gene cluster (Figure 8C) that shows significant 
similarity to the hpa cluster involved in homoprotocatechuate degradation in 
different microorganisms such as in enteric bacteria^^. A similar hpa cluster is 
also found in P. fluorescens (Figure 8C). However, the gene arrangement 
within the hpa clusters from Pseudomonas strains is different from that 
observed in Enterobacteriaceae^^. Thus, whereas the hpaR regulatory gene 
(encodes a transcriptional repressor of the MarR family) is located within the 
hpa cluster in enteric bacteria, the hpaR ortholog in P aeruginosa and 
P fluorescens is located outside of the cognate hpa cluster (Figure 8C). On the 
other hand, whereas the hpaX gene encoding a 4-hydroxyphenylacetic acid 
transport protein is located outside the hpa me^a-cleavage operon in enteric 
bacteria^^, the equivalent hpaX gene is located within such operon in 
Pseudomonas strains (Figure 8C). Interestingly, the hpaGl and hpaG2 gene 
products from Pseudomonas are highly similar and they could be involved in 
the same enzymatic step (Figure 12) that is carried out by the HpaG protein in 
E. coli. Since the primary structure of HpaG reveals two similar domains, it is 
tempting to speculate that hpaGl and hpaG2 genes from Pseudomonas have 
evolved as the two halves of hpaG in enteric bacteria^^. 

3. PERIPHERAL PATHWAYS FOR THE 
CATABOLISM OF AROMATICS 

A number of peripheral pathways for the catabolism of aromatic com- 
pounds have been identified by searching in the genome of Pseudomonas 
strains. The location and arrangement of the gene clusters encoding such 
peripheral pathways in the complete chromosome of P putida KT2440 and 
P aeruginosa PAOl is indicated in Figure 2. 



3.1. Pathways that Funnel to Protocatechuate 

3.1 .1. The 4-Hydroxybenzoate Pathway 

4-Hydroxybenzoate is an abundant aromatic compound that is also gen- 
erated during degradation of different aromatic hydrocarbons, insecticides, 
etc. (Figure 1). The pobA and pobR genes encode the monocomponent 
4-hydroxybenzoate 3 -monooxygenase (PobA), which hydroxylates 4- 
hydroxybenzoate to protocatechuate (Figure 3), and the cognate transcriptional 
activator (PobR)^’ As observed in most bacteria, the pobA and pobR 

genes are divergently transcribed in Pseudomonas (Figure 4). Unlike PobR 
from Acinetobacter sp. ADPl and some other bacteria, which belongs to the 
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IclR family of transcriptional regulators, PobR from Pseudomonas strains 
shows similarity to regulators of the XylS/AraC family such as PobC from 
R putida WCS358 that responds efficiently to 4-hydroxybenzoate and weakly 
to protocatechuate^. Although the pob genes are not linked to the pea genes in 
R putida, R fluorescens and R syringae, they are associated in R aeruginosa 
(Figure 4) and some other bacteria such as Acinetobacter sp. ADPl^^’ 

3.1.2. The Quinate Pathway 

Quinate is a very common hydroaromatic compound that, after initial 
degradation, becomes aromatic. The genes involved in quinate catabolism 
{qui cluster) are known in Acinetobacter sp. ADPl and they encode the QuiA 
(quinate dehydrogenase), QuiB (type I dehydroquinate dehydratase) and 
QuiC (dehydroshikimate dehydratase) enzymes that transform this hydroaro- 
matic compound into protocatechuate (Figure 3)^^. The qui cluster from 
Acinetobacter sp. ADPl contains also a putative porin-encoding gene {quiX) 
and it is located adjacent to the pea gene cluster^^’ Although quiAX 
homologs have been found in the genomes of Pseudomonas strains (PP3569 
and PP3570 in P. putida; PA2290 and PA2291 in P. aeruginosa; Figure 2), no 
quiBC genes similar to those of Acinetobacter sp. ADPl were identified. 
However, quiBl and quiCl genes encoding products that show similarity with 
the type II dehydroquinate dehydratase (QutE) and 3 -dehydroshikimate dehy- 
dratase (QutC) from Emericella nidulans^^, are present in the genome of the 
Pseudomonas strains (PP3003 and PP2554 in P. putida; PA0245 and PA0244 in 
P. aeruginosa; Figures 2 and 4). All these data suggest that quiBl and quiCl 
genes might be involved in quinate metabolism in Pseudomonas (Figure 3), 
indicating that the quinate degradative enzymes in these bacteria might be 
different from those reported in Acinetobacter, which agrees with previous 
reports showing differences in quinate catabolism by these two genera"^^. 

3.1.3. The Degradation Pathway of Phenylpropenoid Compounds 

Phenylpropenoid compounds (e.g., cinnamate, ferulate, coumarate, etc.) 

form a vast array of ether and ester bonds in lignin and suberin^^, and these 
aromatic compounds constitute, therefore, a common carbon source for 
microorganisms that colonize the rhizosphere. In most bacteria, ferulic acid 
degradation follows a CoA-dependent non-(3-oxidative pathway catalyzed by 
the Fes (feruloyl-CoA synthetase) and Ech (enoyl-CoA hydratase/aldolase) 
proteins, producing vanillin (Figure 3)^^’ Vanillin is further converted to 
protocatechuate via an aldehyde dehydrogenase {vdh gene product) and a 
demethylase (vanAB gene products) (Figure A cluster containing 

the fes, ech and vdh genes, as well as a divergent regulatory gene iferR) 
that encodes a protein of the MarR family, has been identified in P. putida, 
P. fluorescens and P. syringae (Figure 13)^^’ The vanAB orthologs have 
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been identified in all four Pseudomonas strains and they are clustered with 
a putative transcriptional repressor of the GntR family {yanRf^ (Figure 13). 
The genes encoding a transporter (vanK) and a porin (yanP) in Acinetobacter sp. 
ADPl^^ are also clustered with vanABR in P putida (Figure 13). In 
P aeruginosa, the vanKABR and vanP are separated by the mdl genes respon- 
sible of mandelate degradation (see Section 3.2.2; Figure 13). Although the 
same linkage of mdlCD and van genes was observed in P fluorescens Pf-5, 
no mdl genes have been found yet in P fluorescens Pf-01 (Figure 13). The 
location of the fcs-vdh-ech genes with respect to the van genes is different in 
the three Pseudomonas strains. Thus, whereas the fcs-vdh-ech cluster is not 
linked to the van genes in P putida (Figures 2 and 13), these two clusters 
are separated by 35 kb in /? syringae and they constitute a single cluster in 
P fluorescens (Figure 13). In other ferulate-degraders, for example, P putida 
WCS358^^, Pseudomonas sp. HR199^^ md Acinetobacter sp. ADPl^^’ the 
fcs/ech/vdh genes {hca genes 'm Acinetobacter) form a cluster that is not linked 
to the van cluster. It was suggested that this gene organization would facilitate 
the appearance of spontaneous van-deficient strains in natural populations, 
which might allow the production of vanillate from ferulate as a chemical 
signal between plants and bacteria^^. 

Interestingly, two additional genes, aat (encoding a putative (3-ketothio- 
lase) and acd (encoding a putative acyl-CoA dehydrogenase) cluster with the 
ech, vdh and fcs genes (Figure 13), and they could be responsible of a CoA- 
dependent P-oxidative pathway for ferulic acid degradation that has been 
described in some organisms^^ (Figure 3). Moreover, an enzyme different from 
Vdh seems to be responsible for the oxidation of vanillin to vanillic acid 
during growth of P putida KT2440 in the presence of vanillin, an observation 
that should be taken into account for the potential application of this strain as 
biocatalyst for vanillin production^®. 

Catabolism of 4-coumaric acid and cafifeic acid proceeds via 4-hydroxy- 
benzoate and protocatechuate, respectively, through the action of the Fcs, Ech 
and Vdh enzymes (Figure 3)^^’ In Acinetobacter sp. ADPI, degradation of 
4-hydroxyphenylpropionic and 3,4-dihydroxyphenylpropionic acids involves 
their dehydrogenation to 4-coumaroyl-CoA and caffeoyl-CoA, respectively, by 
the HcaD dehydrogenase^'^. Putative hcaD genes have also been found in the 
genomes of the Pseudomonas strains. The catabolism of coniferyl alcohol 
in Pseudomonas sp. HR199 involves its conversion into ferulic acid by an 
alcohol dehydrogenase (Cal A) and an aldehyde dehydrogenase (CalB)^^. 
Whereas a gene whose product shows sequence similarity with CalB from 
Pseudomonas sp. HR199 is found in the genome of P putida (PP5120; 
Figure 2), P fluorescens and P syringae, a calA ortholog could only be 
identified in P syringae and it is not linked to calB. 
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Figure 13. Gene arrangement of the fcs/ech/vdh, van and mdl clusters in Pseudomonas. 
Genes are represented by arrows: black (regulatory genes), stippled (transport genes), vertically 
striped {ech, vdh, and fcs genes), horizontally striped (genes encoding the VanAB vanillate- 
0-demethylase), hatched {mdl catabolic genes of the mandelate pathway), cross-hatched {acd and 
aat catabolic genes of the putative ferulate p-oxidative pathway). Arrowheads represent the 
P putida REP element. PP and PA numbers below the genes indicate the corresponding proteins 
in the annotated genomes of P putida and P aeruginosa, respectively. Numbers underneath 
the arrows indicate the percentage of amino acid sequence identity between the encoded gene 
product and the equivalent product from P putida KT2440. 
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3.2. Pathways that Funnel to Catechol 

3.2.1. The Benzoate Pathway 

Benzoate is an abundant aromatic acid and a key intermediate in the 
catabolism of a wide range of aromatic compounds (Figure 1). The benABC 
and benD genes encode the three-component benzoate dioxygenase and the 
benzoate dihydrodiol dehydrogenase, respectively, for the transformation 
of benzoate into catechol (Figure 5)^’ Although ben orthologs have 
been identified in the genomes of P. putida, P. aeruginosa and P. fluorescens 
(Figure 6), they are not present in the genome of P. syringae, which is in 
agreement with the lack of cat genes in this bacterium (see Section 2.1.2). 
Whereas the ben and cat clusters are distantly located in the genome of 
P. putida KT2440, they are contiguous in P. fluorescens (this species has 
two ben-cat clusters), and closely linked in P. aeruginosa^^^ (Figures 2 and 6). 
The ben cluster from strain KT2440 shows two additional features that are 
not observed in ben clusters from other Pseudomonas strains: (a) it contains 
a second copy of the catA gene (catA2) whose product shows significant iden- 
tity (77%) with the CatA dioxygenase of the catechol branch, (b) a gene 
(benX) of unknown function has been inserted between the benR and benA 
genes (Figure 6). While the benE gene encodes a membrane protein of 
unknown function, the benK and benF genes are likely to encode a benzoate 
transporter and a porin, respectively^ ^ and they are absent in P. aeruginosa 
(Figure 6). benR (Figure 6) is the ortholog of the gene encoding the transcrip- 
tional activator of the ben cluster that responds to benzoate in P. putida 
PRS2000^^ Whereas the expression of the ben genes in Pseudomonas is con- 
trolled by the benR gene product, which belongs to the XylS/AraC family, 
expression of the ben genes in Acinetobacter is controlled by BenM, a mem- 
ber of the LysR family of regulatory proteins^. The benABCD gene order was 
maintained in most clusters analyzed, being the benR and benM regulatory 
genes transcribed in the same and in the opposite direction than the catabolic 
genes, respectively"^^. 

A peripheral pathway that oxidizes benzylamine to benzoate should be 
expected in some Pseudomonas strains (Figure 5)^^, but the corresponding 
genes have not been yet characterized. In P. putida the synthesis of an 
inducible benzylamine dehydrogenase depends on the RNA polymerase sigma 
factor and is subject to carbon source-dependent inhibition"^^. 

3.2.2. The Mandelate Pathway 

In P. putida ATCC 12633, the mdl gene cluster encodes the mandelate 
racemase (MdlA) that transforms D-mandelate to L-mandelate, the mandelate 
dehydrogenase (MdlB) that converts L-mandelate into benzoylformate, the 
benzoylformate decarboxylase (MdlC) that produces benzaldehyde, and 
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the benzaldehyde dehydrogenase (MdlD) that transforms the latter to benzoate 
(Figure 5). Moreover, an mdlX gene, encoding a putative regulatory protein, 
and a mdlY gene, encoding a mandelamide hydrolase, are also part of the 
mdl cluster in strain ATCC 12633^®. R aeruginosa is also able to grow on 
L-mandelate as the sole carbon source using the pathway described above^^. 
The physiological and genetic properties of wild-type R aeruginosa and vari- 
ous mutant strains lacking some enzymatic activities revealed that whereas 
MdlB is induced by L-mandelate, MdlC and MdlD are both induced by 
benzoylformate, being the cognate genes, mdlC and mdlD, closely linked in 
the genome^^’ In agreement with this, analysis of the R aeruginosa chro- 
mosome revealed the existence of mdl orthologs arranged in two clusters, 
mdlCTD and mdlB, that are located at different chromosomal regions 
(Figures 2 and 13). The mdlCTD cluster contains the catabolic mdlC and mdlD 
genes and a gene encoding a putative transport protein QndlT) (Figure 13). 
Although putative regulatory genes, mdlRl and mdlR2, are present in the 
mdlCTD and mdlB clusters, respectively (Figures 2 and 13), their products 
belong to the LysR family of transcriptional regulators and, therefore, 
they do not show similarity to the regulatory MdlX protein from R putida 
ATCC12633. As expected, no mdlA ortholog was found in the genome of 
R aeruginosa, which is in agreement with the observation that this strain does 
not use D-mandelate as carbon source^^. 

Since R aeruginosa uses vanillylmandelic acid as carbon source the 
MdlB and MdlC proteins could be also responsible for the transformation of 
this aromatic into vanillin^^ (Figure 3), which might explain the association 
of the van and mdlCTD genes in the genome of this strain (Figure 13). 



3. 2. 3. The Anthranilate Rathway 

Anthranilate is formed during the catabolism of tryptophan and some 
nitroaromatic compounds. The antA, antB and antC genes encode the large 
subunit, the small subunit and the reductase component, respectively, of the 
multicomponent anthranilate dioxygenase that converts anthranilate into cate- 
chol (Figure 5) in Acinetobacter sp. ADPl^. A homologous ant cluster is found 
in the genome of R aeruginosa flanked by the cat and ben clusters (Figure 6). 
R aeruginosa ant~ mutants have been described, and the linkage between ant, 
cat and ben genes had been previously reported^^’ The AntABC anthrani- 
late dioxygenase is homologous to the BenABC benzoate dioxygenase 
(see Section 3.2.1). A putative regulatory gene, antR, whose product shows 
similarity to XylS/AraC regulators, is transcribed divergently to the catabolic 
antABC genes (Figure 6). The cat-ant-ben genes in R aeruginosa are 
both functionally and physically associated and, therefore, they constitute an 
example of supraoperonic clustering (catabolic island) in Rseudomonas. 
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R aeruginosa is also able to use L-tryptophan as a growth substrate^^. 
Tryptophan degradation in Pseudomonas usually involves formation of 
anthranilate via L-kynurenine (Figure 5)^^. The genes encoding a putative tryp- 
tophan 2,3-dioxygenase {tdo, PA2579), formylkynurenine formamidase {kynA, 
PA2081) and kynureninase {kynB, PA2080) were identified in the genome of 
R aeruginosa (Figure 2). 

3.3. Pathways that Funnel to Phenylacetyl-CoA 

The term catabolon defines a complex functional unit integrated by dif- 
ferent catabolic pathways that catalyse the transformation of structurally 
related compounds into a common catabolite^^. The phenylacetyl-CoA 
catabolon in R putida encompasses the routes involved in the transformation 
of 2-phenylethylamine, phenylacetic acid and «-phenylalkanoic acids contain- 
ing an even number of carbon atoms into phenylacetyl-CoA (Figure 7)"^^’ 

Phenylethylamine is converted into phenylacetic acid via phenyl- 
acetaldehyde in different microorganisms. Although in most cases an aromatic 
amine oxidase (Mao) converts phenylethylamine into phenylacetaldehyde^^’ 
some Pseudomonas strains convert aromatic biogenic amines into the corre- 
sponding aromatic aldehydes via an amine dehydrogenase^^’ Since no 
mao homolog was found in the genome of the Pseudomonas strains analyzed, 
it is likely that in these bacteria the catabolism of aromatic biogenic amines is 
carried out by the action of an amine dehydrogenase. The putative gene(s) 
encoding such aromatic amine dehydrogenase has not been yet identified. 
Phenylacetaldehyde is then oxidized to phenylacetic acid by a phenylacetalde- 
hyde dehydrogenase (Pad) enzyme^^ (Figure 7). Although there are several 
genes in the chromosome of Pseudomonas that show similarity to aryl 
aldehyde dehydrogenase-encoding genes, the gene encoding PP3646 from 
P putida shows the highest identity to pad genes from other bacteria and it 
might correspond to the phenylacetaldehyde dehydrogenase from this 
bacterium (Figure 2). 

Degradation of w-phenylalkanoic acids in P putida requires their activa- 
tion to CoA thioesters by an acyl-CoA synthetase encoded by fadD. 
Subsequently, an acyl-CoA dehydrogenase {fadF gene product) and a protein 
complex (FadAB) with five enzymatic activities catalyze, through ^-oxidation, 
the release of acetyl-CoA units (Figure 7)^^. While the catabolism of pheny- 
lalkanoates containing an even number of carbon atoms produces phenylacetyl- 
CoA, degradation of phenylalkanoates with an odd number of carbon atoms 
produces ?ra«5'-cinnamoyl-CoA which cannot be further catabolized and is 
excreted as cinnamic acid^^. The catabolism of «-phenylalkanoic acids in 
P putida is carried out by two sets of (3-oxidation enzymes: The (3i oxidation set 
(clusters fadBA and fadDlDl; Figure 2) is constitutive and catalyzes a very 
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efficient degradation; the Pn set (cluster fadDxB2xAxFxBlx\ Figure 2) is only 
expressed when some of the genes encoding the Pi enzymes are mutated and it 
catabolizes «-phenylalkanoates with an acyl moiety longer than four carbons^^. 

3.4. Pathways that Funnel to Homogentisate 

The homogentisate pathway is the central route through which tyrosine 
and phenylalanine are mineralized in many bacteria (Figure 9). The genes 
responsible for the peripheral pathway of the catabolism of phenylalanine and 
tyrosine in R aeruginosa are known^^, and orthologs were found in the 
genomes of R putida, R fluorescens and R syringae. The phh cluster encodes 
the putative pterin-dependent phenylalanine hydroxylase (phhA) that converts 
phenylalanine into tyrosine, the 4a-carbinolamine dehydratase (phhB) 
involved in regeneration of the pterin cofactor and in the positive regulation of 
PhhA, the a^"^-dependent transcriptional activator (phhR) of the phh operon^^, 
and a potential transport protein (phhT), that is absent in R aeruginosa, close 
to a gene (aroR2) encoding a general aromatic amino acid permease (Figure 10). 
In R aeruginosa the phhC gene encodes a tyrosine aminotransferase that trans- 
forms tyrosine into 4-hydroxyphenylpyruvic acid and is essential for the catab- 
olism of either tyrosine or phenylalanine^®. The putative phhC homolog in the 
other three Rseudomonas species is the tyrB gene (two copies, tyrBl and tyrB2, 
are present at different positions of the R putida genome; Figures 2 and 10). 
Whereas the phh genes form a cluster in R aeruginosa and R fluorescens, the 
tyrB genes are not linked to the phhRABT cluster in R putida and 
R syringae (Figure 10). 

The hpd gene encodes the putative 4-hydroxyphenylpyruvic acid 
dioxygenase that converts 4-hydroxyphenylpyruvate into homogentisate^^ 
(Figure 9). The role of the hpd gene product coupling the catabolism of aro- 
matic amino acids with the homogentisate central pathway might explain the 
linkage of hpd with the homogentisate cluster, such as in R syringae, or with 
the phh cluster, such as in R aeruginosa (Figure 10). 



3.5. Pathways that Funnel to Homoprotocatechuate 

In some bacteria 4-hydroxyphenylacetic acid is hydroxylated to homo- 
protocatechuate by a two-component HpaBC flavin-dependent monooxyge- 
nase (Figure 12)^^. hpaBC orthologs have been found in the genomes of 
R aeruginosa and R fluorescens and, in contrast to the arrangement found in 
other bacteria such as E. coli, these two genes are not adjacent to the hpa cen- 
tral cluster responsible for homoprotocatechuate degradation (Figure 8C)^^. 
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However, the hpaA regulatory gene, that activates expression of the hpaBC 
genes and is physically associated with them in E. coli, has an ortholog in 
Pseudomonas that is linked to the hpa central cluster (Figure 8C). Therefore, 
the organization of the hpa upper and central clusters differs between enteric 
bacteria and Pseudomonas strains. Differences in hpa catabolic and/or regula- 
tory genes could also explain the observation that 3-hydroxyphenylacetic acid 
is degraded via homoprotocatechuate in enteric bacteria but via homogentisate 
in some Pseudomonas^^’ 

Although P aeruginosa cannot degrade phenylethylamine because it 
lacks the phenylacetic acid degradation pathway, this bacterium is able to 
degrade tyramine and some other phenolic amines. These biogenic amines can 
be formed by hydrolysis of arylsulfate esters through the action of the AtsA 
arylsulfatase (PA0183)^. Tyramine and dopamine are catabolized via an amine 
dehydrogenase (tyramine dehydrogenase) and a hydroxyphenylacetaldehyde 
dehydrogenase that produce 4-hydroxyphenylacetate (from tyramine) and 
homoprotocatechuate (from dopamine)^^ (Figure 12). Octopamine, synephrine 
and norepinephrine are also used as carbon sources by P aeruginosa via the 
homoprotocatechuate pathway (Figure 12)^^. P aeruginosa mutants unable to 
catabolize tyramine and dopamine have been described^^’ but the genes 
involved in this peripheral pathway are still unknown. 



4. EVOLUTIONARY CONSIDERATIONS AND 
GENERAL CONCLUSIONS 

Genomic search in P putida, P aeruginosa, P fluorescens and 
P syringae strains revealed the existence of at least five different central path- 
ways for the catabolism of aromatic compounds. Interestingly, the modified 
or^/zo-cleavage pathway {clc cluster) responsible of chlorocatechol degrada- 
tion^^, the alkylcatechol me^a-cleavage pathway {xyl cluster)^^’ and the 
hydroquinone and hydroxyquinol central pathways were not identified in any 
of the analyzed chromosomes. Whereas the P-ketoadipate and homogentisate 
pathways are present in all four Pseudomonas strains, the phenylacetate path- 
way is only present in P putida. In contrast, whereas the homoprotocatechuate 
and gentisate pathways are present in P aeruginosa, they are absent in 
P putida KT2440. This heterogeneity in the catabolism of aromatics increases 
when peripheral pathways are analyzed. Thus, whereas P aeruginosa harbors 
the genes responsible for the conversion of benzoate, anthranilate, tryptophan 
and mandelate to catechol, P putida KT2440 contains only the ben genes for 
benzoate degradation. On the other hand, out of the four Pseudomonas species 
analyzed, P aeruginosa is the only one lacking the fcs/ech/vdh genes involved 
in degradation of phenylpropenoid compounds. Nevertheless, the ability to 
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degrade aromatic compounds is a strain-specific feature and, for instance, a 
number of R putida strains containing chromosomal central and peripheral 
pathways that are absent in strain KT2440 have been previously described. 
Thus, R putida U contains the homoprotocatechuate pathway^\ R putida 
ATCC 12633 harbors the mandelate pathway^^, and R putida FI contains 
a catechol me^a-cleavage pathway^^^. Moreover, the location of the catabolic 
genes in mobile genetic elements such as plasmids (e.g., pWWO for 
toluene/xylenes degradation^; pP51 for trichlorobenzene degradation^^, 
pVIlSO for phenol degradation^^ NAH7 for naphthalene degradation^^^), 
transposons (e.g., Tn5280 and Tn5542 for chlorobenzene and benzene degra- 
dation, respectively)^^ and chromosomal elements with intercellular mobility 
(the clc element for chlorocatechol degradation in Rseudomonas sp. B13^^; 
the bph-sal element for biphenyl degradation in R putida KF715^^, the hyb ele- 
ment for chlorobenzoate degradation in R aeruginosa JB2^^) increases further 
the transfer of the catabolic pathways among different strains and contributes 
to the high metabolic diversity within the genus Rseudomonas, The TOL 
pathway {xyl cluster) of R putida mt-2 is among the best-studied examples of 
aromatic hydrocarbon degradation encoded by a plasmid. The TOL plasmid 
pWWO from R putida mt-2 is a 116.5 kb catabolic plasmid that has been 
recently sequenced^^ and it encodes all proteins necessary for bacterial uti- 
lization of toluene, m- and />-xylene, 3-ethyltoluene and 1,2,4-trimethylben- 
zene (pseudocumene), plus their alcohol, aldehyde and carboxylic acid 
derivatives, via a m^^^z-cleavage pathway^. Therefore, the acquisition of the 
TOL plasmid by R putida KT2440 significantly increases the catabolic abili- 
ties of the resulting strain toward aromatic compounds. 

The G+C content of the clusters involved in catabolism of aromatic 
compounds in R putida KT2440 and R aeruginosa PAOl is close to the mean 
G+C content of the chromosome of R putida (63%)^^ and R aeruginosa 
(66%)^^. This suggests that these sets of genes have been imprisoned within 
the chromosome of these bacteria over a long period of evolution. 

The distribution of the aromatic catabolic clusters along the R putida 
KT2440 chromosome reveals that the region (about 2,400 kb) flanking the 
replication origin (position 0 kb) is almost devoid of genes related to the catab- 
olism of aromatic compounds, being the region located between positions 
3,000 and 4,500 kb, the one showing the majority of the aromatic catabolic 
clusters (Figure 2). This situation contrasts with that observed in R aeruginosa 
PAOl where genes responsible for the catabolism of aromatic compounds are 
located near the replication origin (position 0 kb), and the regions that span 
from positions 1,000 to 2,000 kb and from 3,000 to 4,500 kb lack aromatic 
catabolic clusters (Figure 2). Moreover, whereas in R putida there is not 
a supraoperonic clustering of catabolic genes (catabolic island) that channel 
different aromatic compounds into a common central pathway, as reported 
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for the pca-qui-pob-ppa island (suberon) in Acinetobacter sp. ADPl^^, 
in P aeruginosa the cat-ant-ben genes constitute an example of a catabolic 
island located near the middle of the genome (Figure 2). Out of the four 
Pseudomonas species whose genome has been analyzed, P putida KT2440 
shows the lowest level of linkage between genes involved in the same aromatic 
catabolic pathway: the ben and cat genes are not associated; the pea genes are 
arranged in three different clusters and none of them is associated with the pob 
cluster and; the tyrB and hpd genes are not linked to the phh genes (Figure 2). 

Some catabolic clusters from P putida KT2440 show the presence of a 
35 bp repetitive extragenic palindromic (REP) sequence previously reported in 
P putida strains and whose function has not yet been identified^’ (Figures 4, 
6, 8 A, 10 and 13). The location of the REP sequence associated with some of 
the aromatic catabolic clusters in P putida is strain-specific. Thus, while the 
pha cluster from strain KT2440 contains a single REP sequence downstream 
of the phaL gene (Figure 8A), the pha cluster from P putida U contains two 
convergent REP elements in the phal-phaJ intergenic region. On the other 
hand, whereas the two inverted REP sequences upstream of the benE gene in 
P putida KT2240 are not present in P putida PRS2000, the latter contains a 
REP element at the 3 '-end of the catR gene"^^ that is absent in the cat cluster 
of P putida KT2440. A different P putida strain {P putida RBI) shows the 
ca^associated REP element in the catB-catC intergenic region"^^ Therefore, 
although the genes are highly conserved among different P putida strains, REP 
sequences appear to contribute significantly to genomic diversity within this 
species. Moreover, near the 3 '-end of the ben cluster from P putida KT2440 
there is a gene encoding a putative maturase related protein of group II introns 
that is identical to the one reported previously in the vicinity of catabolic genes 
involved in degradation of /?-cresol in P alcaligenes^^^ , suggesting the involve- 
ment of group II introns in the evolution of catabolic functions, much like 
other mobile genetic elements. 

The uptake of the compound inside the cell and the inducible expression 
of the catabolic genes are important regulatory issues in the catabolism of aro- 
matic compounds. Most of the predicted inner membrane transport proteins 
from the aromatic catabolic pathways of Pseudomonas, that is, PcaK and PcaT 
(protocatechuate), BenK (benzoate), VanK (vanillate), HmgT (homogenti- 
sate), GtdT (gentisate), HpaX (homoprotocatechuate), MdlT (mandelate) and 
PhhT (phenylalanine) belong to the MFS of transporters, being PhaJ (phenyl- 
acetate) and AroP2 (aromatic amino acids) members of soluteisodium sym- 
porter (SSS) and amino acid-polyamine-choline (APC) families, 
respectively^ ^ Aromatic transporters can be accompanied by outer membrane 
porins such as PcaP, PhaK, QuiX, VanP, BenF and MdlP. Although aromatic 
compounds can enter the cells by passive diffusion when present at high con- 
centrations, active transport increases the efficiency and rate of substrate 
acquisition in natural environments where these compounds are present at low 
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concentrations^^. Moreover, the aromatic transporters can be involved in the 
ability of bacteria with a motile life-style, such as Pseudomonas strains, to 
sense and swim toward the aromatic compounds (chemotaxis)^^’ 

The regulatory mechanisms that control the expression of the genes 
responsible of the catabolism of aromatic compounds appear to be highly 
diverse in Pseudomonas strains. Thus, a genomic search allowed us to predict 
the existence of transcriptional activators or repressors from the XylS/AraC 
family (BenR, PobR, AntR, HpaA), IclR family (PcaR, HmgR), LysR family 
(CatR, PcaQ, GtdR, MdlR), NtrC family (PhhR), MarR family (FerR, HpaR) 
and GntR family (VanR and PhaN). Moreover, the pathway-specific regulation 
will be subordinated to a more general control that adjusts the particular tran- 
scriptional output to the physiological status of the cell^. 

Although Pseudomonas turns out to be a very useful model system to 
study biochemical, genetic, evolutionary and ecological aspects of the catabo- 
lism of aromatic compounds, our current knowledge about the overall cata- 
bolic versatility of Pseudomonas strains toward aromatic compounds may still 
be far from complete. Thus, analysis of the P putida KT2440 genome has 
shown the presence of several genes that are likely to be involved in the degra- 
dation and/or transformation of aromatic compounds. At positions 4,441- 
4,454 kb of the KT2440 genome there is a 13 kb gene cluster {nic) (Figure 2) 
that contains genes showing similarity with those encoding proteins involved 
in the metabolism of N-heterocyclic aromatic compounds^"^. In addition, a 
gene cluster (pcm) containing genes similar to those encoding the protocate- 
chuate 4,5-dioxygenase (pcmA) and oxalocitramalate aldolase (pcmE) from 
Arthrobacter keyseri^^ was located at positions 2,861-2,867 kb of the KT2440 
genome (Figure 2). Whether such gene clusters are involved in the catabolism 
of N-heterocyclic aromatic compounds (cluster nic) and in a central pathway 
for degradation of aromatic compounds via a 4,5-meta cleavage of the aro- 
matic ring (cluster pcm), is the subject of current study. Furthermore, the path- 
ways for degradation of phenylacetate, quinate and aromatic amines are not 
yet well understood in Pseudomonas, and further work needs to be done to 
identify the genes and/or the enzymatic steps involved in such catabolic routes. 
To unravel the physiological meaning of the gentisate pathway in P aeruginosa 
is also the matter of future research. A deeper understanding of the complete 
set of aromatic catabolic abilities of Pseudomonas strains will pave the way for 
the rational design of more efficient and broad range biocatalysts for many 
biotechnological applications. 
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1. INTRODUCTION 

Polycyclic aromatic hydrocarbons (PAHs) refer to hydrocarbons containing 
two or more fused benzene rings in a linear, angular, and cluster arrangement 
(Figure 1). PAHs are mainly formed as products from the combustion of fossil 
fuels, as by-products of industrial processing and during the cooking of foods^^ 
PAHs enter the environment from a multiplicity of sources which include direct 
aerial fallout, chronic leakage of industrial or sewage effluent, accidental dis- 
charge during transport, use and disposal of petroleum products, and from nat- 
ural sources such as oil seepage and surface water run-off from forest and 
prairie fire sites. More specifically, industrial effluent from coal gasification 
and liquefaction processes, waste incineration, coke, carbon black, and other 
petroleum-derived products releases high quantities of PAHs into the environ- 
ment. PAH contamination, particularly from the high-molecular-weight types, 
in soil and aquifers is a cause of great environmental concern because of their 
toxic, mutagenic, and carcinogenic effects on experimental animals and their 
potential health risk to humans^^’ Some PAHs are classified as priority 
pollutants to be monitored in aquatic and terrestrial ecosystems by the U.S. 
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Figure 1. Structures of some aromatic hydrocarbons that have been detected in environmental 
samples: (a) naphthalene, (b) 2-methylnaphthalene, (c) fluorine, (d) dibenzothiophene, 
(e) phenanthrene, (f ) anthracene, (g) fluoranthene, (h) benz[a]anthracene, (i) chrysene, (j) pyrene, 
(k) benzo[fl]pyrene. 



Environmental Protection Agency^^’ and benzo[^]pyrene is included as one 
of twelve target compounds or groups defined in the Environmental Protection 
Agency’s new strategy for controlling persistent, bioaccumulative, and toxic 
pollutants^ Table 1 lists the physical and toxicological characteristics of 
certain PAHs. 

PAHs are hydrophobic compounds, and their persistence within an 
ecosystem is due to their low solubility in water. PAHs rapidly become asso- 
ciated with sediment^^’ where they may become buried and persist until 
degraded, resuspended, bioaccumulated, or removed by dredging. The envi- 
ronmental persistence of PAHs is correlated with their molecular size, and 
inversely correlated with the environmental biodegradation rate^’ 

For example, the reported half-life in soil and sediment of the naphthalene 
molecule may range from 17 to 31 days, while for the five-ring mole- 
cule, benzo[( 2 ]pyrene, may range from 229 to >1,400 days^^^ In addition to 
the increased environmental persistence with increasing PAH molecular size, 
evidence suggests that, in some cases, PAH genotoxicity also increases with 
size up to at least four or five fused benzene rings^^. 

Studies on the environmental distribution of PAHs were initiated in 1947 
when Kern reported the presence of chrysene in soil samples^^. The advent of 
new and improved analytical techniques such as gas chromatography and mass 
spectrometry and of improved methods for the extraction and isolation of PAHs 




Catabolism of PAHs 



465 



Table 1. Physical and toxicologicaP properties of selected PAHs. 



PAH 


MW 


Solubility 
in water 
(mg/l) 


Half-life'’ 

(weeks) 


Carcinogenicity 


Genotoxicity 


Naphthalene 


128.2 


31.7 


0.02-46 


- 


- 


Acenaphthene 


154.2 


3.9 


0.04-0.6 


- 


+ (Ames) 


Anthracene 


178.2 


0.7 


0.5-26 


- 


- 


Phenanthrene 


178.2 


1.2 


0.4-26 


-/? 


- 


Fluoranthene 


202.3 


0.26 


5.3-26 


+/? 


+ (Ames) 


Pyrene 


202.3 


0.14 


0.4 to > 90 


-/? 


+/? (Ames), 

+ (USD), + (SCE) 


Benzo[a]pyrene 


252.3 


0.003 


0.3 to > 300 


+ 


+ (Ames), + (USD), 
+ (SCE), + (CA), 

+ (DA) 



+ , positive; negative; ?, inadequate/inconclusive data; Ames, Salmonella typhimurium reversion assay; 
CA, chromosomal aberration; DA, DNA adducts; SCE, sister chromatid exchange; USD, unscheduled 
DNA synthesis. 

^Data compiled from Cerniglia^^. 

^Data compiled from Wild et al}"^. 



have led to the realization that a single type of sediment can contain thousands 
of aromatic compounds"^^. PAHs have been detected in air^^’ soil and 
sediment^^’ surface water, groundwater, and road runoff^"^’ 

They are also dispersed from the atmosphere to vegetation^^^ and contaminate 

foods33^90,124 

Two major sources of PAH contamination are coal and petroleum; 
therefore, a high level of contamination by PAHs is often found at coal- and 
petroleum-treatment sites, including creosote wood-treatment facilities (cre- 
osote is used as a lumber preservative and contains many PAHs); for example, 
the PAH contamination level has been found to be 1.79 X 10^ ng/g at an oil 
refinery outfall in Southampton, England, while it was 5 ng/g at an undevel- 
oped area in Alaska^^. 

The possible fates of PAHs in the environment include volatilization, 
photo-oxidation, chemical oxidation, bioaccumulation, adsorption, and micro- 
bial degradation. Recent studies have shown the biodegradation of PAHs to be 
the major process resulting in the decontamination of sediment and surface 
soil^^^. These compounds can be degraded to carbon dioxide and water 
(mineralized) or be partially transformed by microorganisms^^’ The 

bioremediation of soil or sediment contaminated with PAHs is an alternative 
means of detoxifying hazardous waste which may replace traditional methods 
such as incineration"^’ In this chapter, the bacteria and metabolic pathways 
involved in the degradation of PAHs are summarized, and the biological 
constraints on PAH biodegradation are discussed. 
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2. GENERAL ASPECTS OF THE 

MICROBIOLOGICAL DEGRADATION 
OF PAHs 

Studies on the metabolism of aromatic hydrocarbons by pure cultures of 
microorganisms and co-metabolic transformation by mixed microbial commu- 
nities were initiated almost 90 years ago. A wide variety of bacteria, fungi, and 
algae have been shown to have the ability to metabolite PAHs^^. This chapter 
focuses on the degradation of PAHs by bacteria with special emphasis on 
Pseudomonas. 

The biodegradation of PAHs has been observed under both aerobic and 
anaerobic conditions. The anaerobic degradation of PAHs under sulfate- 
reducing and nitrate-reducing conditions has been reported^^’ ^ ^ ^ i49 

It is a slow process, and its biochemical mechanisms have only recently started 
to be elucidated. 

The aerobic biodegradative pathways, especially those for simple PAHs 
such as naphthalene and phenanthrene, have been extensively studied over 
the past few decades. The initial step in the aerobic catabolism of the PAH 
molecule by bacteria occurs via oxidation of the PAH to a dihydrodiol that is 
in the cw-configuration (Figure 2). This reaction is catalyzed by a multi- 
component dioxygenase consisting of reductase, ferredoxin and oxygenase 
components'^’ The second step in the bacterial oxidation of PAH is 

re-aromatization of the cw-dihydrodiol via a dehydrogenase to form a dihy- 
droxylated inter-mediate. This step is highly stereoselective^®^. These dihy- 
droxylated intermediates may then be processed through either an ortho 
cleavage or meta cleavage type of pathway (Figure 3), leading to central inter- 
mediates such as protocatechuates and catechols which are further converted 
to tricarboxylic acid (TCA) cycle intermediates^'^’ 

The genes responsible for this PAH degradation, including both struc- 
tural and regulatory genes, are often clustered in operons and localized on both 
plasmids (nah, a Pseudomonas putida strain^®’ ndo, a Pseudomonas 

putida strain^^^; dox, Pseudomonas sp. strain Cl 8^^; nag, Ralstonia (formerly 



2H^ 2H+ 

NAD(P)H + Reduced-^^ Reduced Reduced 

OviHi 



Fe‘ 
■ Oxidized 



NAD(P)+ ^ ^ Oxidized*^ Oxidized 
Component Reductase|yjy^p Ferredoxin|yj^p Oxygenase|sjy^p 




H 



Figure 2. Initial steps in the aerobic catabolism of a PAH molecule by bacteria. 
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Figure 3. Ortho- and meta-xing fission pathways for the catabolism of PAHs. 




Nah R Regulatory protein 



Figure 4. Organization and regulation of genes for the degradation of naphthalene in 
P. putida PpG7. 



called Pseudomonas) sp. strain U2^^; phn, Burkholderia sp. strain RP007^^) 
and chromosomes (pah, E putida OUS82^^^; nah. Pseudomonas stutzeri 
ANIO^^’ The genes for enzymes in the naphthalene-degradation pathways 
in Pseudomonas putida PpG7 are clustered in two operons (nah and sal^^^’ 
on plasmid NAH7. The nah operon encodes an upper metabolic pathway for 
the metabolism of naphthalene to salicylate, while the sal operon encodes a 
lower pathway for the metabolism of salicylate via catechol to pyruvate and 
acetaldehyde. The induction of the nah and sal operons is controlled by nahR 
which recognizes salicylate^^^ (Figure 4). The naphthalene-degradation genes 
on NAH7 are located on a defective transposable element^^^ 

The genes for the initial steps in the degradation of naphthalene, phenan- 
threne, and dibenzothiophene have been cloned and sequenced in many strains^ ^ 
The amino acid sequences of the catabolic enzymes deduced from their 
nucleotide sequences show high identity to each other. Less-homologous groups 
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of genes coding for the enzymes involved in the degradation of PAHs have been 
found in Rhodococcus sp.^^^, Comamonas testosteronf^ and Nocardioides 
sp.^^^. Many Sphingomonas strains can degrade a wide variety of PAHs; for 
example, Sphingomonas (formerly called Pseudomonas) paucimobilis EPA505 
degrades naphthalene, anthracene, phenanthrene, and fluoranthene^^^. The PAH- 
degradative genes in these Sphingomonas strains are distantly related to those 
in pseudomonads and other genera. The arrangement of the PAH-degradative 
genes in Sphingomonas is also particular, and the catabolic genes in 
Sphingomonas are encoded in a larger number of operons than that found in 
pseudomonads^®^. 

3. DEGRADATIVE PATHWAYS OF 
SELECTED PAHs 

3.1. Anaerobic Degradation of Naphthalene and 
2-Methylnaphthalene 

The anaerobic degradation of naphthalene and 2-methylnaphthalene 
occurs under sulfate-reducing and nitrate-reducing conditions. 2-Naphthoic 
acid is the major metabolite of anaerobic naphthalene degradation and is 
generated by the incorporation of bicarbonate into the carboxyl group^^’ 

In the anaerobic pathway for the degradation of 2-methylnaphthalene, 
fumarate is added to the methyl group, as is the case in anaerobic toluene 
degradation. The product, naphthyl-2-methyl-succinic acid, is subsequently 
transformed to 2-naphthoic acid^. Analogous to the anaerobic benzoyl- 
CoA pathway, 2-naphthoic acid is then reduced to hydroxydecahydro-2- 
naphthoic acid and subsequently oxidized to oxodecahydro-2-naphthoic 
acid^ (Figure 4). The marine sulfate-reducing bacterium, strain NaphS2, 
that grew with naphthalene under sulfate-reducing conditions has been 
isolated, this strain being affiliated with sulfate-reducing bacteria in the 
8-subclass of the Proteobacteria^^. More recently, three pure bacterial 
cultures which degraded naphthalene under nitrate-reducing conditions 
have been established. These were designated NAP-3-1, NAP-3-2, and 
NAP-4. Phylogenetic analyses based on 16S rRNA gene sequences have 
shown that NAP-3- 1 was closely related to P stutzeri, while NAP-4 was 
closely related to Vibrio pelagius^^^. 

3.2. Aerobic Degradation of Two- and Three-Ring PAHs 

(Naphthalene, Phenanthrene, and Anthracene) 

The bacterial degradation of naphthalene, one of the simplest PAHs, has 
been reported more extensively than that of any other PAHs, and most of the 
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studies on aerobic naphthalene biodegradation have been conducted with 
microorganisms belonging to the genus Pseudomonas^^^ The initial 

step involves incorporating both atoms of molecular oxygen into the substrate 
to form c/5- 1, 2-dihydroxy- 1,2-dihydronaphthalene, which is further metabo- 
lized via 1,2-dihydroxynaphthalene, 2-hydroxychromene-2-carboxylic acid 
(HCCA), /ra«5-c-hydroxybenzylidenepyruvic acid (/HBPA), salicylaldehyde, 
salicylic acid, and either catechol or gentisic acid^^’ (Figure 5). 

The bacterial degradation of biphenyl, another simple PAH, and its chlo- 
rinated derivatives are reviewed in the next chapter of this volume (Chapter 18, 
Volume 3). 

Phenanthrene, a three-ring angular PAH, is known to be a human skin pho- 
tosensitizer and mild allergen and is mutagenic to bacterial systems under certain 
conditions'^. It has also been found to be an inducer of sister chromatid exchange 
and a potent inhibitor of gap-junctional intercellular communication^^^. 

The pathways for phenanthrene metabolism by bacteria have been 
reported by several investigators^’ In general, the initial 

reaction is the action of a dioxygenase with subsequent oxidation to form 
3,4-dihydroxyphenanthrene, which then undergoes mc/a-cleavage and is con- 
verted to l-hydroxy-2-naphthoic acid. This is the common upper route of the 
phenanthrene degradation pathways so far identified, l-hydroxy-2-naphthoic 
acid can be further degraded by three different pathways (Figure 6). 
Pseudomonas strains convert it to 1,2-dihydroxynaphthalene, which is then 
subject to me/fl-cleavage to form salicylic acid"^^. A series of reactions for the 
conversion of phenanthrene to 1-hydroxynaphthoic acid (the phenanthrene 
pathway) is mechanistically identical to that for the conversion of naphthalene 
to salicylic acid (the naphthalene pathway), and each step of the reactions is 
catalyzed by an enzyme common to the phenanthrene and napththalene 
pathways in P putida OUS82^^. Similarly, the conversion of 1-hydroxy- 
2-naphthoic acid to 1,2-dihydroxynaphthalene seems to be catalyzed by a 
broad-specificity salicylate hydroxylase (salicylate- 1 -monooxygenase) in 
P putida BS202-P1. In other words, the enzymes of the naphthalene-degradative 
pathway are sufficient to catalyze the mineralization of phenanthrene if these 
enzymes exhibit relaxed substrate specificity^. Salicylic acid can be further 
degraded via the formation of either catechol or gentisic acid. Both catechol and 
gentisic acid undergo ring fission to form the TCA cycle intermediates^^. 
Pseudomonas sp. DLC-Pl 1 converts l-hydroxy-2-naphthoic acid to 1-naphthol, 
which is degraded via 4-hydroxy- 1-tetralone to form o-phthalic acid^^^. 
Aeromonas, Vibrio, Alcaligenes, and Nocardioides convert 1-hydroxy- 
2-naphthoic acid to o-phthalic acid and protocatechuic acid which is finally 
cleaved to form pyruvic acid and ultimately enters the TCA cycle"^^’ 

The genes for the phenanthrene metabolism pathway via salicylic acid 
and catechol have been isolated from several bacterial strains. The pah genes 
cloned from P putida strain OUS82 show a high degree of homology to the 
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Figure 5. Proposed pathway for the anaerobic degradation of naphthalene and 2-methylnaph- 
thalene^’ 
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Figure 6. Pathway for the bacterial metabolism of naphthalene. 



nah genes^^’ The amino acid sequences of these enzymes^^^’ are more 
than 90% identical. This observation has led to the expectation that the 
sequence diversity in the genes for the degradation of naphthalene and phenan- 
threne in bacteria would be limited. However, this view has recently been 
modified. The phn genes from Burkholderia sp. strain RP007 have been shown 
to be significantly different in sequence and gene order from the previously 
characterized naphthalene- or phenanthrene-degrading genes^^. 

The genes for the protocatechuate pathway have been isolated from 
Nocardioides sp. strain KP7 which is capable of growing on phenanthrene but 
not on naphthalene^ The phd genes are separated into two clusters: one 
is the phdEFABGHCD gene cluster encoding the enzymes responsible for the 
transformation of phenanthrene to l-hydroxy-2-naphthoate, and the other is 
the phdIJK gene cluster encoding the enzymes for the transformation of 
l-hydroxy-2-naphthoate to o-phthalate^^^. 

The growth rates of bacteria on naphthalene, phenanthrene, and 
anthracene appear to be related to the solubility in water of these PAHs^^^. 
Since the solubility of anthracene in water is only 0.07 mg/P^ (Table 1), 
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reports of organisms that can grow with anthracene as the sole source of car- 
bon and energy are relatively rare. The bacterial mineralization of anthracene 
is achieved by the pathway shown in Figure 7. This degradation pathway is 
quite similar to that described for naphthalene. For example, Pseudomonas 
aeruginosa metabolizes anthracene via anthracene c/5'-l,2-dihydrodiol, 

1.2- dihydroxyanthracene, c/5'-4-(2-hydroxynaphth-3-yl)-2-oxo-but-3-enoic 
acid, 2-hydroxy-3-naphthaldehyde, 2-hydroxy-3 -naphthoic acid, and 

2.3- dihydroxynaphthalene^^. The latter compound is mineralized via salicylic 
acid and catechol by the enzymes of the naphthalene pathway^"^^. 

Alternative pathways for the degradation of anthracene and phenan- 
threne exist in Gram-positive bacteria. In anthracene-grown cultures of 
Rhodococcus sp. and Mycobacterium vanbaalenii strain PYR-1, two ring- 
cleavage products of 1,2-dihydroxyanthracene, namely, 6,7-benzocoumarin 
formed by meta-clQavagQ and 3-(2-carboxyvinyl)naphthalene-2-carboxylic 
acid formed by or^/^o-cleavage, have been detected^^’ Furthermore, 
l-methoxy-2-hydroxyanthracene and 9,10-anthraquinone have been found in 
M. vanbaalenii strain PYR-1. The pathways for the degradation of anthracene 
in Gram-positive bacteria have been proposed from the results^®® (Figure 7). 



3,3. Aerobic Degradation of PAHs Composed of 
more than Three Rings 

Although the catabolism of PAHs possessing three or fewer fused aro- 
matic rings has been well characterized, little is known about the bacterial 
catabolism of high-molecular-weight PAHs such as benz[( 2 ]anthracene, chry- 
sene, and benzo[a]pyrene. Research pertaining specifically to the bacterial 
biodegradation of PAHs composed of more than three rings have been previ- 
ously summarized^ ^ 

Of the four-ring PAHs, the biodegradation of fluoranthene, pyrene, chry- 
sene, and benzo[( 2 ]anthracene have been investigated to various degrees. 
Fluoranthene is a PAH containing a five-membered ring. The utilization of flu- 
oranthene as the sole source of carbon and energy by a pure bacterial strain was 
first described in 1990 by two independent research groups^^^’ After this, 
several other fluoranthene-utilizing strains have been isolated^’ 
and at least three different pathways have been proposed (Figure 8). For 
Achromobacter xylosoxidans subsp. denitrificans (formerly called Alcaligenes 
denitrificans) strain WWl, Weissenfels et al}^^ have proposed an initial attack 
at the 7,8-position of the benzylic moiety of the fluoranthene skeleton (Figure 8, 
left column) which, after ring opening between positions 6b and 7, yields two 
metabolic intermediates: 1-acenaphthenone and subsequently 3-hydroxymethyl- 
benzo[J,e]chromen-2-one. Naphthalene- 1,8-dicarboxylic acid as a fluoranthene 
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Figure 7. Pathway for the bacterial metabolism of phenanthrene. 
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Figure 8. Pathway for the bacterial metabolism of anthracene by P. aeruginosa. 



metabolite of S. paucimobilis EPA505 has been described by Mueller et 
Mycobacterium sp. PYRl metabolizes fluoranthene via cw- 1,2-fluoranthene 
dihydrodiol, 1 -carboxylic-9-hydroxyfluorene, 1 -carboxy-fluorene-9-one, 
9-hydroxyfluorene, and fluorene-9-one (Figure 8, middle column). The late 
fluoranthene degradation products observed with these bacteria include 
2-carboxybenzaldehyde, phthalic acid, phenylacetic acid, benzoic acid, and 
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adipic acid^^^^. Mycobacterium sp. strain KR20 metabolizes fluoranthene 
via cw-2, 3-fluoranthene dihydrodiol, Z-9-carboxymethylene-fluorene- 
1 -carboxylic acid, cis- 1 ,9a-dihydroxy- 1 -hydro-fluorene-9-one-8-carboxylic 
acid, 4-hydroxybenzochromene-6-one-7-carboxylic acid, and benzene- 1,2,3- 
tricarboxylic acid (Figure 9, right column). 

The bacterial degradation of pyrenes, a pericondensed type of PAH, has 
been reported by a number of groups, and some have identified the metabolites 
and proposed pathways^ Seven metabolites of pyrene metabolism, 
cz5'-4,5-pyrenedihydrodiol, ^ra«5-4,5-pyrenedihydrodiol, pyrenol, 4-hydroxy- 
perinaphtenone, 4-phenanthroic acid, phthalic acid, and cinnamic acid, were 
detected for M vanbaalenii strain PYR-1, M vanbaalenii strain API initiates 
its attack on pyrene by either monooxygenation or dioxygenation at its C-4 
and C-5 positions to respectively give trans- and cw-4,5-dihydroxy-4, 
5-dihydropyrene^^"^. Dehydrogenation of the latter, ortho cleavage of the 
resulting diol to form phenanthrene 4,5-dicarboxylic acid, and subsequent 
decarboxylation to phenanthrene 4-carboxylic acid lead to the degradation of 
phenanthrene 4-carboxylic acid via phthalate^^ (Figure 9). In contrast, 
Rhodococcus sp. produces a different set of metabolites from pyrene, includ- 
ing 1,2- and 4,5-dihydroxypyrene, cw-2-hydroxy-3-(perinaphthenone-9-yl) 
propionic acid, and 2-hydroxy-2-(phenanthrene-5-one-4-enyl)acetic acid^^^. 
The genes involved in the initial degradation of PAHs in M vanbaalenii strain 
PYR-1 have recently been reported (Figure 10). 

Although many of the high-molecular-weight PAH-degrading 
bacteria described are actinomycetes. Gram-negative bacteria, for example, 
Stenotrophomonas maltophilia strain VUN 10,003 (formerly classified as 
Burkholderia cepacia; refs [68], [69]), Stenotrophomonas paucimobilis EPA 
505^®^ and Pseudomonas fluorescens^^ , can also degrade a variety of high- 
molecular-weight PAHs. A variety of non-actinomycete bacteria have also been 
reported to metabolize fluoranthene, pyrene, chrysene, and benz[^z]anthracene. 

There is currently only limited information regarding the bacterial 
biodegradation of PAHs with five or more rings in both environmental sam- 
ples and pure or mixed cultures. Most studies have been focused on the 
five-ring benzo[a]pyrene molecule due its potential hazards to human 
health. Benzo[a]pyrene biodegradation by pure and mixed cultures of bac- 
teria has been shown to occur, although bacteria capable of utilizing 
benzo[a]pyrene as the sole source of carbon and energy have never been 
demonstrated. All reported benzo[a]pyrene biotransformations by bacteria 
have therefore occurred under co-metabolic conditions. Early observations 
of benzo[fl]pyrene biodegradation were made with mutant Sphingomonas 
yanoikuyae (formerly called Beijerinckia sp.) strain B8/36 grown on succi- 
nate plus biphenyl^^ and with Pseudomonas strain NCBI 9816 grown on 
succinate plus salicylate^. 
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Figure 9. Pathways proposed for the metabolism of fluoranthene by bacteria. 



One report about Mycobacterium sp. strain RJGII-135 supported the 
dioxygenase enzymatic processes^ Metabolites of benzo[a]pyrene biodegra- 
dation, including c/5'-7,8-benzo[a]pyrenedihydrodiol, 4,5-chrysenedicarboxylic 
acid, c/^-4-(8-hydroxypyren-7-yl)-2-oxobut-3-enoic acid [or c/5'-4-(7-hydrox- 
ypyren-8-7-yl)-2-oxobut-3-enoic acid], and 7,8-dihydropyrene-7-carboxylic acid 
(or 7,8-dihydropyrene-8-carboxylic acid) have been detected, and as shown in 
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Figure 10. Metabolism of pyrene by Mycobacterium strains. 




478 



Yuki Kasai and Shigeaki Harayama 





4,5-Chrysene-dicarboxylic acid 



c/s-4(8-hydroxypyrene-7-yl)- 
2-oxobut-3-enoic acid 



c/s-4-(7-hydroxypyrene-8-yl)- 
2-oxobut-3-enoic acid 



* 




7,8-Dihydro-pyrene- 
7-carboxylic acid 




7,8-Dihydro-pyrene- 
8-carboxylic acid 



Figure 11. Proposed pathways for the metabolism of benzo[a]pyrene by Mycobacterium sp. 
strain RJGII-135^^^. The structures of the identified metabolites are shown. 



Figure 1 1, the pathways for the metabolism of benzo[^z]p 3 Tene have been pro- 
posed. 



4. BIOAVAILABILITY OF PAHs 

It has been found in field tests on the bioremediation of contaminated 
soil with white rot fimgi that PAHs with four or more fused rings were 
not degraded. This result was interpreted as indicating that these PAHs 
were adsorbed to the soil, and were not accessible to biodegradation^^. Soil is 
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a mixture of mineral and organic materials, and is an eifective adsorbent for 
PAHs. The adsorption capacity is influenced by the nature of the soil, the soil 
moisture, and other factors. The PAH-binding sites on soil could be classified 
into two groups: those on the mineral surface and those on organic matter. If 
the soil is wet, most of the mineral surface is occupied by water, and PAHs 
would be mainly adsorbed to the organic matter. In dry soil, however, the 
adsorption of PAHs to both the mineral surface and organic matter would 
occur. It has been demonstrated that a significant portion of adsorbed 
anthracene and other PAHs became non-extractable, especially when the water 
content of the soil was low. When the soil was dry, adsorbed PAHs were 
polymerized and became non-available to biodegradation. The involvement of 
transient metals on the mineral surface has been suggested for the polymer- 
ization of PAHs^^. 

Low solubility in water and adsorption to soil and sediment are two 
major factors of PAHs that limit their availability to microorganisms, and the 
enhancement of bioavailability seems to require bacteria to utilize high- 
molecular-weight PAHs. High-affinity uptake systems may be one of such 
bioavailability-enhancing mechanisms. The uptake of naphthalene has been 
investigated with Pseudomonas fluorescens. The uptake was significantly 
inhibited by azide or 2,4-dinitrophenol, suggesting that an energy-linked trans- 
port system was involved in the naphthalene uptake A later study using 
several inhibitors of respiration and membrane transport (azide, cyanide, and 
carbonyl cyanide m-chlorophenyl hydrazone), however, provided the opposite 
conclusion: the results suggested that the incorporation of PAHs inside the 
cells was mediated by passive diffusion, while an energy-driven efflux system 
to transport PAHs out of the cell exists^^. The presence of an active efflux 
pump in R fluorescens appears to prevent the efficient metabolism of PAHs. 
However, it has been experimentally demonstrated that the efflux system did 
not affect the metabolism of PAHs^^. The affinity of the PAH-degradative 
enzyme is probably much higher than that of the efflux system. 

The outer membrane of Gram-negative bacteria can be a barrier to the 
PAH uptake if the outer surface of the membrane has a hydrophilic nature. 
Although the outer-membrane pore for the passage of monoaromatic hydro- 
carbons has been demonstrated in R putida harboring TOL plasmid pWWO^"^, 
an outer-membrane pore for the passage of PAHs is not known. 

PAHs which have limited solubility in water tend to be sorbed to 
hydrophobic materials or to be dissolved in organic solvents. The adhesion of 
cells to a PAH-sorbing hydrophobic surface or the attachment of cells to the 
interface between aqueous and PAH-dissolving organic phases would reduce 
the distance between the cells and the PAH substrate. PAHs then would be 
more readily accessible to the adhering cells. Mycobacterium sp. LB501T 
grows on solid anthracene as a confluent biofilm. The adhesion of the 
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bacterium to the surface of solid anthracene is induced by this growth on 
anthracene. The cell surface of anthracene-grown cells is more hydrophobic 
than that of glucose-grown cells. It has been suggested that the attachment and 
biofilm formation may be a specific response of Mycobacterium sp. LB501T 
to optimize the substrate bioavailability The kinetics of phenanthrene 
utilization in R aeruginosa strain 19ST prompted the suggestion that cells 
associated at the interface between the aqueous and non-aqueous phases had 
selective advantages and grew more rapidly than cells harbored in the aqueous 
phase"^^. 

Cell motility in combination with chemotactic activity toward a PAH 
renders the PAH substrate more accessible to bacterial cells. Chemotaxis to 
naphthalene has been demonstrated in R putida strain G7, and the gene 
responsible for chemotaxis, nahY, has been identified. This gene is cotran- 
scribed with the meta cleavage pathway genes on the NAH7 catabolic plasmid 
for naphthalene degradation. The presence of nahY on the catabolic plasmid 
implies that chemotaxis is important for the degradation of naphthalene in a 
natural environment"^^’ 

Surfactants exhibit several particular characteristics: first, they form 
aggregates called micelles above the critical micelle concentration (CMC); 
second, they are accumulated at the water surface or at the interface between 
two immiscible liquids because of their amphipathic nature, and thereby 
reduce the surface or interfacial tension; third, they enhance the formation of 
an emulsion of two immiscible liquids. As mentioned earlier, the low solubil- 
ity in water and the adsorption to hydrophobic substances are two major 
factors of PAHs that limit their availability to microorganisms; however, 
the availability can be expected to increase when PAHs are dissolved by a 
surfactant. To support this expectation, the rate of pyrene degradation by 
S. maltophila strain VUN 10,010 was enhanced by the addition of some but 
not all nonionic surfactants^^’ The mineralization of benzo[a]pyrene by a 
microbial consortium was stimulated by a water-soluble compound produced 
by Rhodanobacter sp. strain BPCL This compound seemed to solubilize 
benzo[a]pyrene^^. Thus, the production of surface-active compounds by 
microorganisms is considered to be an important microbial process that 
increases the bioavailability of high-molecular- weight PAHs. 

However, the situation is not that simple. Conflicting results concerning 
the effect of surfactants on PAH biodegradation have been obtained: surfac- 
tants stimulated biodegradation in some cases, while they were inhibitory in 
others^^’ Several hypotheses have been proposed to explain the 

inhibitory effect of a surfactant on biodegradation^"^^. One theory is that the 
speed of PAH biodegradation is retarded by a surfactant if microorganisms 
cannot utilize PAH entrapped within the micelles of the surfactant. However, 
studies on the micelle-exchange dynamics of hydrophobic compounds in the 
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aqueous phase have indicated that both the entry and exit rates of PAHs were 
likely to be far higher than the biodegradation rate"^^. Other hypotheses have 
proposed either that biodegradation at a high surfactant concentration would 
be inhibited if the surfactant or dissolved PAH were toxic, or that the surfac- 
tant would be preferentially used by microorganisms as the source of carbon 
and energy. The real situation would be more complex than that indicated by 
any of these hypotheses, because some observations concerning the effects of 
surfactants remain unexplained; for example, Brij 30 inhibited pyrene miner- 
alization by a i? putida strain in an aqueous culture, while the same surfactant 
promoted it when soil was added to the aqueous culture^^. The reason for this 
dual effect of the surfactant is not clear. 



6. CONCLUSIONS 

Although knowledge regarding the bacterial biodegradation of PAHs has 
been advanced in the last decade, we do not yet know many aspects of PAH 
biodegradation. Further study is required to understand the organization of 
PAH-degradative genes and the regulatory mechanism for the expression of 
these genes. More effort needs to be directed to characterize the enzymes and 
intermediates of the PAH-degradative pathways. Our understanding of the 
bioavailability of PAHs is also preliminary. The relationship between cell sur- 
face properties and the efflux of PAHs through the cell membranes should also 
be established. In addition, elucidation of the active transport mechanisms for 
the entry of PAHs into and exit from bacterial cells is necessary to evaluate the 
speeds of the mass transfer and subsequent biodegradation of PAHs inside 
the bacterial cells. The effects of biosurfactants and synthetic surfactants on 
the biodegradation of PAHs are complex issues that also require more investi- 
gation. The structures of biosurfactants are diverse^^ and the physiological 
roles of biosurfactants may also be diverse^®^’ To understand the effect of 
a biosurfactant or a synthetic surfactant on PAH biodegradation, it is necessary 
to identify the relevant parameters so that a model can be built for each surfac- 
tant, each PAH species, and each PAH-degrading bacterium. 

The degradation of PAHs in a natural environment is often slow due 
to such factors as nutrients, bioavailability of PAHs (sorption to particles), 
oxygen, and presence of PAH-degrading microorganisms. Subsurface organic- 
impacted sediment is commonly anaerobic. Although the aerobic bacterial 
degradation of PAHs has been well documented, PAHs had been thought to 
be recalcitrant to biodegradation without oxygen. However, recent studies 
have demonstrated PAH biodegradation under anaerobic conditions, although 
little is known about the bacteria responsible for the anaerobic activities to 
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degrade PAHs. Molecular techniques for environmental microbiology will be 
an aid to the detection and isolation of anaerobic PAH-degrading bacteria from 
environmental samples. Further knowledge of the biochemical reactions, 
enzymes, and genetics of anaerobic PAH biodegradation will also be useful to 
design bioremediation methods for enhancing the removal of PAHs under 
anaerobic conditions. 
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1. INTRODUCTION 

Enzymes are biocatalysts which catalyze a given reaction in a living cell 
with high activity, substrate specificity and regio- as well as enantioselectivity. 
They work at ambient temperatures and pressures, and several biocatalysts 
function in aqueous environments, but also in organic solvents. Therefore, the 
chemical industry nowadays uses biocatalysts for hydrolytic and synthetic reac- 
tions to produce complex drug intermediates, speciality or commodity chemi- 
cals, and, most importantly, enantiopure pharmaceuticals. The number of 
biocatalytic processes installed to replace energy-consuming and toxic waste 
producing chemical processes is rapidly increasing^ ^ thereby creating a rapidly 
growing demand to identify and produce biocatalysts with novel and biotech- 
nologically useful properties. To achieve this, novel technologies have recently 
been developed: (a) environmental DNA, the so-called metagenome, is directly 
cloned and assayed for the presence of novel biocatalytic activities thereby cir- 
cumventing the need to cultivate novel microorganisms^^; (b) directed evolution 
and new methods for protein engineering enable the optimization of existing 
biocatalysts^’ However, all these approaches rely on efficient systems for 
the overexpression as well as large scale and often heterologous production of 
biocatalyst proteins. Escherichia coli is still the most widely used host strain for 
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all kinds of molecular genetic manipulations including expression of heterolo- 
gous genes, and several approaches were published to produce heterologous pro- 
teins in different extracytoplasmic compartments of E. coli^^, but the production 
of enzymatically active enzymes in E, coli is often difficult or even impossible. 
This is particularly true for extracellular enzymes, the major reason being that 
E. coli itself does not normally secrete enzymes into the extracellular growth 
medium. In contrast, bacteria belonging to the genus Pseudomonas are known 
to produce and secrete a wealth of extracellular enzymes. Therefore, this group 
of bacteria has recently emerged as a reasonable alternative for the expression 
and secretion of biocatalyst proteins^^ with Pseudomonas aeruginosa being the 
best studied model organism. 

Among the enzymes used in biotechnology and synthetic organic chem- 
istry, lipases constitute the most important group. Interestingly, lipases originat- 
ing from several Pseudomonas and Burkholderia species seem to be particularly 
useful for a wide variety of different biocatalytic applications including the enan- 
tioselective production of alcohols, amines, and carbonic acids^^’ The 

production of these lipases requires not only the efficient overexpression of the 
corresponding genes but also a detailed understanding of the molecular mecha- 
nisms governing their folding and secretion. In fact. Pseudomonas lipases 
require the functional assistance of about 30 different cellular proteins before 
they can be recovered from the culture supernatant in an enzymatically active 
state indicating that folding and secretion are highly specific processes which 
normally do not function properly in heterologous hosts^^. 



2. FOLDING AND SECRETION OF 
Pseudomonas LIPASES 

Lipases which are secreted into the culture supernatant are preferred for 
many biotechnological applications. Chemically, the supernatant resembles 
the growth medium and usually does not contain too many different and com- 
peting enzyme activities as compared to a whole cell lysate thereby making 
enzyme activity assays much easier to perform. Furthermore, the subsequent 
down-stream processing for the isolation and purification of lipases also 
becomes cheaper and more effective when extracellular enzymes can be used. 

2.1. Pathways for Lipase Secretion 

Lipases from Pseudomonas and Burkholderia have been classified into 
three distinct subfamilies of lipase family I^. Prototype lipases of the subfamilies 
I.l and 1.2 are those from P aeruginosa and Burkholderia glumae which have an 
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average Mr of 30 kDa and share a high degree of sequence homology as well as 
several common physiological features including their mechanisms of secretion. 
The prototype enzyme of subfamily 1.3 is the Pseudomonas fluorescens lipase 
which is larger (Mr! 50 kDa) and also uses a different secretion pathway^^’ 



2.1.1. One-Step Secretion 

Secretion via ABC protein exporters^’ occurs in one-step by transloca- 
tion of proteins directly from the cytoplasm to the extracellular medium with- 
out the formation of periplasmic intermediates. Lipases from P. fluorescens 
strains no.33 and SIK W1 as well as from Serratia marcescens^ and 
Pseudomonas brassicacearum^^ are secreted by this pathway. These enzymes 
lack an N-terminal signal sequence but contain C-terminal targeting signals 
which are essential for the recognition by the ABC exporters^^’ (Figure 1). 
The one-step or type I secretion machinery consists of three proteins: an inte- 
gral outer membrane protein, an inner membrane protein belonging to the 
membrane fusion protein (MFP) family, and an ABC-transporter protein 
which belongs to the ^TP-/?inding cassette superfamily of eukaryotic and 
prokaryotic protein exporters^^. Recently, the crystal structure of the outer 
membrane transporter TolC from E. coli was solved. This protein contains a 
single hydrophilic pore formed by a trimeric complex in the outer membrane 
and a-helical appendages which build a tunnel spanning the periplasmic 
space"^. The protein components of different ABC-transporters can be inter- 
changed between different bacterial species, at least to a certain extent^ and the 
specificity of the interaction between a given transporter complex and its cog- 
nate target proteins seems to be restricted to the carboxy-terminal targeting 
signals. In addition, the P aeruginosa and P fluorescens genomes encode four 
and three different type I secretion systems, respectively, some of which natu- 
rally secrete lipases^^. Consequently, it should in principle be possible to engi- 
neer Pseudomonas strains for an ABC-transporter-mediated secretion of 
heterologous lipases. 

2.1.2. Two-Step Secretion 

The two-step secretion pathway includes the initial translocation of the 
secreted protein across the inner membrane to form a periplasmic inter- 
mediate, and finally its transport through the outer membrane. At present, two 
pathways each were described for secretion through the inner and the outer 
membrane, respectively. 

2. 1.2.1. Secretion Across the Inner Membrane. Most of the exoproteins in 
Gram-positive and in Gram-negative bacteria harbor N-terminal signal peptides 
which constitute specific targeting signals directing the precursors proteins to 
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Figure 1. The production of enzymatically active biocatalysts which are secreted to the extracel- 
lular space requires four distinct steps which form potential bottlenecks of this process. 1. The 
structural gene has to be efficiently expressed. 2. The newly synthesized protein is translocated 
across the inner membrane (im) by either the Sec-machinery or the Tat-exporter system (A). 

3. Periplasmic folding requires the assistance of accessory proteins. In the case of the lipase (Lip), 
the action of the specific chaperone (Lif) and of additional folding catalysts including Dsb proteins 
which catalyze the formation of disulphide bonds is essential. In addition, periplasmic PPIases 
probably serve as folding catalysts. The periplasmic folding process is influenced by proteases 
which either degrade misfolded proteins or control the concentration of specific folding catalysts. 

4. Correctly folded biocatalyst proteins are subsequently recognized by protein exporters govern- 
ing the transport across the outer membrane (om). Family 1. 1 and 1.2 lipases use the type II secre- 
tion pathway (B) to reach their final destination, whereas family 1.3 lipases bypass the periplasmic 
folding compartment due to their secretion by the ABC exporter pathway (C). Lipolytic enzymes 
of the EstA type possess a autotransporter domain which itself forms a secretion pore in the outer 
membrane through which the enzymatically active domain is translocated (D). 



the Sec-machinery which is a multisubunit complex consisting of the inner 
membrane proteins SecY, E, D, G, and For many years, the Sec-machinery 
was regarded as being unique in its ability to translocate bacterial proteins into 
the periplasm and homologues of the E. coli sec-gQnQs have been identified in 
every known bacterial genome of both Gram-negative and Gram-positive 
species demonstrating the universal character of this secretion mechanism. 
Most of the exoproteins of P. aeruginosa including the lipase LipA also use this 
mechanism for their passage through the inner membrane into the periplasm. 
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Recently, a second secretion pathway has been identified in E. coli which 
also mediates the translocation of proteins across the inner membrane^’ 
Proteins using this novel pathway are also synthesized as precursors with 
cleavable N-terminal signal peptides, which contain a characteristic doublet 
of conserved arginine residues being essential for the recognition by this 
export machinery. Therefore, this pathway was named Tat for Avin-arginine- 
tonslocation. Interestingly, in contrast to the Sec-system, the Tat-pathway 
mediates the secretion of proteins which are already folded prior to their secre- 
tion^’ Recent findings show that a functional Tat-secretion system also exists 
in R aeruginosa^^ . An elegant study revealed that the inactivation of the Tat 
machinery resulted in a /? aeruginosa strain which showed a severely reduced 
virulence in a rat lung infection model^^. Apart from several periplasmic pro- 
teins, the phospholipases PlcH and PlcN were found to be translocated via the 
Tat-pathway through the inner membrane indicating that this pathway is also 
used for the secretion of extracellular enzymes^^’ Recent results indicate that 
heterologous proteins may be directed into the periplasm via the Tat- but not the 
Sec-pathway as shown in E. coli for the green fluorescent protein GFP from 
Aequoria victoria^. Productive folding of GFP requires the assistance of cyto- 
plasmic chaperones which cannot be replaced by periplasmic folding catalysts. 
These findings offer the opportunity to secrete even those heterologous proteins 
into the periplasm which need to be folded in the cytoplasm. In addition. 
Pseudomonas strains provide several secretion mechanisms to translocate 
periplasmic proteins through the outer membrane which may facilitate the 
creation of a general Pseudomonas secretion host. 

2. 1.2.2. Secretion Across the Outer Membrane. Pseudomonas aeruginosa 
produces three lipolytic enzymes, the extracellular lipases LipA and LipC, and 
the esterase EstA which is located in the bacterial outer membrane^^. The 
N-terminal domain of EstA contains a GDSL active site consensus motif 
typical for a novel class of lipolytic enzymes^^, whereas the C-terminal domain 
shows homology to the P- or transporter domain of autotransporter proteins^^, 
which usually consists of 14 ^-sheets forming a pore-like P-barrel inserted in 
the outer membrane through which the N-terminal catalytic a-domain is 
translocated^ ^ In contrast to other autotransporter proteins, the N-terminal 
domain of EstA remains attached to the C-terminal domain even after translo- 
cation through the outer membrane thereby anchoring the catalytic activity to 
the cell surface^^. 

Burkholderia and Pseudomonas lipases belonging to subfamilies I.l and 
1.2 fold in the periplasm into an enzymatically active conformation and are 
subsequently transported through the outer membrane by means of a complex 
machinery consisting of up to 14 different proteins. In P aeruginosa, this 
type II secretion machinery or ‘secreton’ is built from 12 Xcp-proteins and is 
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required for the outer membrane translocation of several exoenzymes, among 
them exotoxin A, phospholipases C, elastase LasB, and the lipases LipA and 
LipC^'^’ which can be delivered into the periplasm either by the Sec- or by the 

Tat-pathway^^. So far, experimental indications for a limited secretion capacity 
of the type II machinery are lacking; however, secretion of the extracellular 
lipase from Pseudomonas alcaligenes could be significantly improved when 
additional copies of the genes encoding the type II secretion machinery were 
coexpressed together with the lipase^^. A more general use of type II secretion, 
for example, for the overproduction of biocatalysts is hampered by the fact that 
a specific recognition of the secreted enzymes by the export machinery is 
required but the recognition signals have not yet been identified^^. 

2.2. Periplasmic Folding Catalysts 

The folding of lipases requires specific as well as non-specific folding cat- 
alysts several of which have recently been identified and characterized. 
The most prominent specific intermolecular folding catalysts are designated 
Tipase-specific foldases’ or Lif proteins^^. These foldases are usually encoded in 
the same operon together with their cognate lipases and have been identi- 
fied in several Pseudomonas strains^^’ Burkholderia cepacia^^, 

B. glumae^^^ Acinetobacter calcoaceticus^^ and Vibrio cholerae^^. The lipase 
LipC of P aeruginosa represents an exception in that it needs for folding a Lif 
protein which is encoded in a different operon together with the lipase LipA^^ 
(F. Rosenau, G. Friedrich and K.-E. Jaeger, unpublished results). According to 
present knowledge, Lifs provide steric information for the folding process of 
lipases and have therefore been designated ‘steric chaperones’^^. 

Periplasmic folding requires not only enzyme-specific inter- or intramol- 
ecular chaperones but also general folding catalysts. Proteins secreted by the 
type II pathway often contain disulfide bonds which are formed in the periplasm 
by the so-called Dsb proteins involved in c/isulfide bond formation. These 
proteins which were first identified and extensively characterized in E. coli^^ 
are known to be conserved in Gram-negative bacteria. In P aeruginosa, the 
thiohdisulfide oxidoreductase DsbA is needed for the maturation of several 
exoproteins, among them alkaline phosphatase (A. Urban et al, unpublished 
results), elastase^^, and lipase"^^’ Inactivation of the dsbA gene in P aeruginosa 

resulted in a reduction by 90% of the extracellular lipase production which was 
further reduced to 1% residual activity in a dsbA dsbC double mutant. The dsbC 
structural gene encodes a thiohdisulfide isomerase which is also involved in the 
re-oxidation of DsbA. Interestingly, the amount of extracellular lipase increased 
by a factor of two upon inactivation of the dsbC gene^^. 

Peptidyl-prolyl-czVifraw^ isomerases (PPIases) represent another impor- 
tant class of general folding catalysts. They catalyze the cis-trans isomerization 
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of peptide bonds of the peptide backbone, usually at proline residues^^’ 
Interestingly, lipases from P. aeruginosa and B. glumae^^ also contain cis- 
peptide bonds, here connecting residues Q257-V258 and Q291-L292, respec- 
tively At present, a physiological or structural function of this c/^-bond is 
unknown as is the mechanism or type of enzyme involved in their formation. 



2.3. Periplasmic Events Determine 
the Overexpression Efficiency 

A detailed understanding of the cellular processes governing folding 
and secretion of lipases is a necessary prerequisite for the creation of a 
potent bacterial secretion host strain and the periplasm represents the most 
important cellular compartment for these processes. Here, most of the extra- 
cytoplasmic proteins are folded into their native conformation, and sophisti- 
cated mechanisms exist to detect and degrade misfolded proteins^^. The 
lipases from R aeruginosa and B. glumae are folded during or after translo- 
cation into the periplasm by their cognate Lif foldases. Recently, it was 
demonstrated that the simple overexpression of the respective Lif proteins in 
a wild-type background resulted in a dramatic increase of lipase production 
and secretion indicating that the expression level of the chaperone is limit- 
ing for lipase production under physiological conditions although both pro- 
teins are usually coexpressed from the same operon^^. This genetic 
organization suggests a close coupling between lipase and Lif expression; 
however, in contrast to the lipase, the Lif protein is hardly detectable in wild- 
type R aeruginosa cells even by immunological methods (see Figure 2B). 
This result indicates that Lifs underlie a rapid turnover within the cells, 
presumably taking place in the periplasm. Recently, we have identified in the 
R aeruginosa genome (available at www.pseudomonas.com), seven genes 
which share significant homologies with periplasmic proteases of different 
Gram-negative bacteria. These genes were inactivated and the resulting 
mutant strains were analyzed for lipase production. The mutant strain lack- 
ing a periplasmic protease homologous to the E. coli CtpA protease showed 
a significantly increased extracellular lipase activity and also a drastically 
increased cellular amount of Lif protein (Figure 2). Thus, a decreased 
turnover rate of the Lif foldase seems to result in an increased production of 
lipase thereby overcoming a limitation of the folding capacity under physio- 
logical conditions within the periplasm. In addition to this CtpA-like pro- 
tease, the genome sequence of R aeruginosa contains a number of open 
reading frames encoding other putative periplasmic chaperones or folding 
catalysts. We have started to investigate their role for the production of 
extracellular enzymes in R aeruginosa. 
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Figure 2. The periplasmic protease CtpA significantly influences the yield of extracellular lipase 
by controlling the cellular concentration of Lif. The lipase operon was expressed in the wild-type 
strain P. aeruginosa PAOl and in a mutant strain carrying a deletion in the ctpA gene encoding the 
periplasmic protease CtpA. A. Extracellular lipase activity was assayed spectrophotometrically 
using p-nitrophenylpalmitate as a substrate. Lipase activity was normalized to the cell density of 
the culture measured as the optical density at 580 nm (O.D. 5 go). B. Western blot of whole cell 
lysates using an anti-Lif polyclonal antiserum. 



3. Pseudomonas LIPASES FOR 

BIOTECHNOLOGICAL APPLICATIONS 

The commercial use of lipases comprises a wide variety of different 
applications in the areas of detergents, in the production of food ingredients, 
and enantiopure pharmaceuticals^^’ Therefore, a strong pressure exists to 
(a) identify and isolate novel lipase genes, and (b) optimize existing lipases 
with respect to desired properties. Genomics, the exploitation of biodiversity, 
and directed enzyme evolution serve to provide a wealth of novel genes^^ 
which have to be overexpressed and produced to make the corresponding 
enzymes available to the biotechnology industry. 
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3.1. Overexpression of Pseudomonas Lipases 

Overexpression first requires the efficient transcription of a target gene. 
However, the production of a high transcript quantity itself does not always 
guarantee the high level production of the respective protein, since it is often 
accompanied by misfolding and intracellular deposition of the protein in 
the form of insoluble inclusion bodies. In E. co//-based systems, inducible 
T7-RNA polymerase has successfully been used to increase the expression levels 
of many different target genes^ with the pET-vector series (commercialized by 
Novagen, Madison, USA), representing the best known system. However, 
a considerable number of biocatalyst proteins cannot be expressed using this or 
a related system because their production requires several accessory cellular 
functions. Some enzymes may need essential cofactors for activity and unique 
chaperones for folding. Moreover, secretion may also be essential to achieve an 
enzymatically active state of the enzyme. Therefore, the development of an effi- 
cient system allowing for overexpression in combination with subsequent 
secretion is not trivial and requires a detailed knowledge of the biocatalyst pro- 
tein, its biochemical properties, and the cellular pathway involved in its biosyn- 
thesis, folding, and secretion. A suitable host strain fulfilling all these 
requirements needs to be defined which should also allow the transformation of 
foreign DNA with high efficiency. Finally, to make the system useful for 
directed evolution experiments, the expression level must be high enough for 
high throughput screening which is usually performed in microtiter plates 
(culture volume: 10-100 |xl) after growth of the cultures for several hours. 

3.1.1. Overexpression Systems 

The T7-overexpression system originally developed for E. coli has also 
been adapted to construct P. aeruginosa overexpression strains^'^’ 

Brunshwig and Darzins have constructed the P. aeruginosa strain PADD 1976 
which contained a cassette composed of the T7-RNA polymerase structural gene 
under control of a lac\N5 promoter and, in addition, the lacl^ gene encoding 
the E. coli Lac repressor^^. Initial experiments demonstrated that this strain was 
a suitable host strain for the overexpression of P. aeruginosa lipase^"^. However, 
it still harbored the wild-type lipase gene and therefore produced a significant 
background lipase activity. Therefore, we have constructed P. aeruginosa 
PABST7.1 which carries a large deletion in the lipase operon covering about 
600 bp of the lipase structural gene lipA and 300 bp of the foldase gene lif. 
Additionally, P aeruginosa PAFRT7.7 was constructed by site-specific integra- 
tion of the expression cassette into the lipase operon^"^ resulting in a lipase- 
negative mutant suitable for overexpression of lipase as well as for the 
background-free expression of mutant lipase genes constructed in directed 
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evolution experiments. Both R aeruginosa strains produced about 150 mg of 
lipase per liter of culture supernatant. 

Recently, we have constructed the expression vector pBBR22b which is 
based on the mobilizable broad host range vector pBBRlMCS"^^. This novel 
vector is suitable for the overexpression of different target genes in strains 
other than E. coli. It harbors in combination a T7 promoter (Pt?), a lac- 
operator {lacO), and a strong ribosomal binding site (SD). Furthermore, 
in-frame fusions with the pelB signal sequence allow for a Sec-dependent 
translocation of overexpressed target proteins into the periplasm of several dif- 
ferent host cells and a His-tag coding sequence enables the construction of tar- 
get proteins which can be purified by a one-step affinity chromatography. 

The novel vector pBBR22b^^ in combination with R aeruginosa strain 
PABST7.1 was used to express (a) the lipase LipA and its variants for subse- 
quent purification and 3D-structure determination; (b) the outer membrane 
esterase EstA and the lipase LipC for immunization and biochemical charac- 
terization; and (c) a His-tagged variant of the R aeruginosa response regulator 
protein CbrB^^ (formerly named LipR) for in vitro DNA-binding studies. 
In all these cases, an approximate yield in the range of 5-10 mg protein 
per liter of culture was obtained without any optimization of the expression or 
growth conditions (F. Rosenau et al., in preparation). The R aeruginosa 
PABST7.1-pBBR22b system also allowed the overexpression of a lipase from 
Arabidopsis thaliana with high efficiency reaching yields of 10-20% of total 
cellular protein (M. Juenger et al., unpublished results) thereby demonstrating 
that R aeruginosa can serve as an efficient expression host for the high yield 
production of plant proteins. 

3.1.2. Optimization of Lipase Folding in Rseudomonas 

Lipase-specific foldases (Lifs) are highly specific for their cognate 
lipases^ ^ thereby posing severe limitations to the creation of novel lipases, for 
example by directed evolution, because their structures may differ too much 
from the corresponding wild-type progenitors to be recognized by the corre- 
sponding Lif proteins. A solution to this problem may evolve from the recent 
finding of a lipase variant from Rseudomonas species KFCC 10818 which car- 
ried just the single amino acid exchange PI 12Q and folded into its active con- 
formation displaying 63% of the wild-type enzymatic activity even in the 
absence of its cognate Lif protein^^. If confirmed with other Lif-dependent 
lipases this result may have important consequences for the construction of 
novel high-yield production host strains. 

We have investigated in more detail the specificity of the lipase-Lif 
interactions in different Rseudomonas and Burkholderia species by cloning a 
collection of several lipase and Lif genes into the expression plasmid pBR22b. 
This ‘toolbox’ of lipase and foldase genes allows their combinatorial cloning 
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Figure 3. Structural genes {lip and lif) encoding lipases and Lif proteins from different 
Pseudomonas and Burkholderia species were cloned separately into the expression vector 
pBBR22b under transcriptional control of the strong T7 promoter. This collection of identically 
cloned genes allows their combination in synthetic operon structures suitable for expression in 
P. aeruginosa and other Gram-negative host strains providing the T7-RNA polymerase. 



to create a variety of synthetic lipase operons (Figure 3). Preliminary results 
obtained by coexpression of lif and heterologous lip genes in various combi- 
nations indicated that an efficient folding of lipases can only be achieved by 
Lifs originating from closely related species. The Lif of R alcaligenes can cat- 
alyze the folding of R aeruginosa lipase, at least to a certain extent^ ^ We have 
found that the expression in R aeruginosa of a synthetic operon consisting 
of the R aeruginosa lipase and R alcaligenes foldase genes resulted in an 
efficient lipase secretion. The lip and lif genes from R aeruginosa and 
Rseudomonas wisconsinensis were also functionally exchangeable, whereas 
the lipases from B. glumae and B. cepacia could not be activated by Lifs from 
R aeruginosa, R alcaligenes, or R wisconsinensis (F. Rosenau, D. Janosch and 
K.-E. Jaeger, unpublished results). Further studies of Lifs which are essential 
to achieve enzymatic activity and secretion of lipases will hopefully allow the 
construction of a ‘general’ Lif protein which can catalyze the activation of 
different lipases even if they are distantly related. 
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3.2. Creation of Enantioselective P. aeruginosa 
Lipase by Directed Evolution 

The steadily growing requirement for enantiopure compounds to be pro- 
duced by the chemical and pharmaceutical industries forces the development 
of novel methods to create enantioselective biocatalysts. The first and most 
comprehensive study to create an enantioselective enzyme by directed evolu- 
tion was performed with the lipase LipA from R aeruginosa^^^ 

The model reaction was the hydrolytic kinetic resolution of the chiral 
2-methyldecanoic acid /?-nitrophenyl ester which is catalyzed by R aeruginosa 
lipase with an enantioselectivity of only ee 2% in favor of the 5-ester at about 
50% conversion corresponding to a selectivity factor E of 1.1. After four 
rounds of mutagenesis using ep-PCR at a low mutagenesis rate and spec- 
trophotometric screening in microtiter plates, several lipase variants were 
identified with enantioselectivities increased to ee = %\%{E - 1 1). A signif- 
icant further increase was obtained by combining ep-PCR with saturation and 
site-directed mutagenesis at those positions at which amino acid substitution 
had occurred (‘hot spots’). Thus, several variants were obtained which dis- 
played ee-values of 90-94% {E = 20-25) with the best variant containing 



S-setectivity 




Figure 4. Creation of enantioselective P. aeruginosa lipases by employing different directed 
evolution methods which are indicated by colored lines. Amino acid substitutions of the best 
(S)- and (i?)-selective variants are named. 
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five mutations V47G, V55G, S149G, S155F, and S164G'^^. In addition, multi- 
ple combinatorial cassette mutagenesis was used to further increase the enan- 
tioselectivity of LipA. A cassette was isolated and saturated with mutations at 
positions corresponding to amino acids 155 and 162 which had previously 
been identified as being important for the enantioselectivity of P. aeruginosa 
lipase. This saturation library was recombined by DNA shuffling with libraries 
isolated by high error rate PCR of the entire LipA gene resulting in a highly 
iS-selective variant (E - 51) that contains six amino acid substitutions D20N, 
S53P, S155M, L162G, T180I, T234S^^ (Figure 4). 

The reversion of an enzyme’s enantioselectivity constitutes another chal- 
lenge. Starting from the first generation libraries described above, we used high- 
error-rate PCR mutagenesis to create (R)-selective variants which were further 
improved by DNA shuffling (Figure 4). An appropriate combination of ep-PCR 
at high error rate and DNA shuffling finally led us to identify a highly 
(i?)-selective variant {E = 30) that carries 11 amino acid substitutions M16L, 
A34T, P86L, T87S, V94A, D1 13G, S147N, T150A, L208H, V232I, and S 237 T^^ 

4. CONCLUSIONS 

Many bacteria are known to produce and often secrete enzymes which 
are increasingly used for biotechnological applications because they exhibit 
interesting and sometimes unique biochemical properties. Additionally, a 
growing number of novel biocatalyst genes are currently being identified from 
novel genome sequences and metagenomic DNA, or generated by techniques 
of directed evolution. How can the potential biotechnological value of all these 
genes and enzymes be assessed? Efficient overexpression systems and suitable 
host strains are needed for the production and isolation of these biocatalysts to 
determine at least the most important biochemical properties as enzymatic 
activity, substrate specificity, or enantioselectivity. Apart from Gram-positive 
bacteria like Bacillus subtilis, the genus Pseudomonas has emerged as a rea- 
sonable alternative to the well-known overexpression systems operating in 
E. coll P aeruginosa is known for a long time as an opportunistic pathogen 
which possesses and uses several different pathways to secrete a large number 
of extracellular enzymes which can also act as virulence factors in bacterial 
infections. Obviously, the rule ‘good pathogens are good secretors’ applies 
here and P aeruginosa has therefore been the object of intensive studies to elu- 
cidate different protein secretion pathways at a molecular resolution. These 
studies have revealed a number of proteins which either themselves contribute 
to build up a secretion machinery or they are involved in catalyzing the fold- 
ing or the secretion process. In the near future, these results will be transferred 
to construct Pseudomonas production strains from non-pathogenic species 
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Other than R aeruginosa. Undoubtedly, Pseudomonas bacteria will belong to 
the tool box of novel and efficient biocatalyst overexpression systems. 
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!• INTRODUCTION 

Chlorinated hydrocarbons comprise a large spectrum of compounds 
that are of enormous industrial and economic importance because of their 
applications and global outputs. Apart from the common feature of having 
one or more covalent bound chlorine atoms, these compounds show a com- 
plex diversity of behavior that is primarily characterized by their aliphatic or 
aromatic character and the presence of other functional groups. Nevertheless, 
the introduction of chlorine atom(s) into a hydrocarbon significantly influ- 
ences its physicochemical and biochemical properties and the tendency for 
bioaccumulation and environmental persistence. Acting in combination with 
possible (eco)toxicological effects, these properties have pushed the chloro- 
chemistry into the focus of considerable debate and governmental regulatory 
action. 
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Pseudomonas strains are well known for their widespread occurrence in 
natural habitats and their ability to utilize a great variety of organic compounds, 
including haloaromatics. In classical taxonomy, the pseudomonads constitute a 
group of Gram-negative, rod-shaped, non-spore-forming, polar-flagellated bac- 
teria whose G+C content is higher than 50%. Molecular studies showed that the 
former group of pseudomonads does not form a homogeneous entity but consist 
of phylogenetically unrelated genera. On the basis of hybridization experiments, 
a clear circumscription of five main rRNA similarity clusters was apparent^^. In 
addition, some groups were found to be closer to species of other genera than to 
those of othQT Pseudomonas groups. Many of the organisms originally described as 
species of the genus Pseudomonas have, in the meantime, been reclassified to other 
genera such as Burkholderid^^, Ralstonia^^^ (rRNA group II, Burkholderia group 
of the ^-Pwteobacteria), Comamonas^^^, Delftia^^^, Acidovorax^^^ (rRNA group 
III, Comamonadaceae, ^-Proteobacteria), Brevundimonas^^^ (rRNA group ly 
Caulobacter group of the a-Proteobacteria) ox Xanthomonas/Stenotrophomonas^^^ 
(rRNA group y Xanthomonas group of the 'y-Proteobacteria). Only species of 
rRNA group I (belonging to the y-Proteobacteria) are currently classified as 
Pseudomonas (sensu strictof^^, comprising the P syringae, P chlororaphis, 
P fluorescens, P putida, P stutzeri, P aeruginosa and P pertucinogena groups'^. 
For recent overviews on the taxonomy of Pseudomonas (see Chapter 1 in Volume 1 
by Palleroni and Moore or refs [4], [162], [232]). 

This chapter deals primarily with the capabilities of Pseudomonas 
(sensu stricto). However, several reports dealing with the degradation of 
chloroaromatic compounds and enzyme mechanisms only provide tentative 
identifications, such that designation of isolates as Pseudomonas has to be 
taken with care in various cases. 

2. THE CHLOROCATECHOL PATHWAY, 

A CENTRAL CATABOLIC ROUTE 

2.1. The Chlorocatechol Pathway of 
Pseudomonas sp. Strain B13 

The first observations of microorganisms being capable of degrading 
chloroaromatics were made in the 1960s by the groups of Alexander and Evans, 
and first indications of the metabolic fate of chlorophenoxyacetates via chloro- 
catechols as central intermediates were given^^’ However, the basic 

knowledge on a dominant degradation pathway for chloroaromatics was accu- 
mulated using one of the first Pseudomonas strains capable of degrading 
chloroaromatics. Pseudomonas sp. strain B13^^. Strain B13 is capable of 
mineralizing 3-chlorobenzoate via 3-chloro- and 4-chlorocatechol as central 
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intermediates. Degradation is initiated by a chromosomal encoded benzoate 
dioxygenase forming 3-chloro- and 5-chlorodihydrodihydroxybenzoate in a 
2:1 ratio^^^, followed by dehydrogenation resulting in 3-chloro- and 4- 
chlorocatechoF^"^. Chlorocatechols are further degraded by a chlorocatechol 
or^/zo-cleavage pathway^^’ which differs from the 3-oxoadipate 

pathway for catechol degradation^^^ in various aspects (Figure 1). Degradation 
is initiated by a broad specificity chlorocatechol 1,2-dioxygenase with con- 
sumption of molecular oxygen to produce the corresponding chloro-c^X 
c/5'-muconates^^’ The elimination of the chlorine substituent was 

assumed to occur spontaneously after 2-chloro- and 3-chloro-cw,c/y-muconate 
have been converted by chloromuconate cycloisomerases to 5-chloro- and 4- 
chloromuconolactone, respectively^^^. The formed dienelactones (cw-dienelac- 
tone from 3-chloro- and ^ra«^-dienelactone from 2-chloro-c/^,c/5'-muconate) are 
converted by a dienelactone hydrolase into maleylacetate^^^, and a maleylacetate 
reductase catalyzes the reduction of the double bond to form 3-oxoadipate, the 
common metabolite of the 3-oxoadipate and the chlorocatechol or^/zo-cleavage 
pathway^^^. It was thus clear, that a special set of enzymes is responsible for 
degradation of chlorocatechol intermediates. The genetic background for 
chlorocatechol degradation in Pseudomonas was initially elucidated using an 
independently isolated 3-chlorobenzoate degrading Pseudomonas putida strain 
and it was observed that the genes encoding enzymes of chlorocat- 
echol pathway were located on a plasmid. 

Mating methods mimicking natural gene transfer were used to transfer 
genes for chlorocatechol degradation from strain B13 to various recipients^^^’ 

It had been suspected that the genes were transferred by means of a conjuga- 
tive plasmid, however, independent isolation remained unsuccess- 

fuF^^. Ravatn et al}^^ found that the transferred element was not a classical 
plasmid. In fact, when strain B13 was mated with P putida FI, the transferred 
DNA, named the clc element, behaved rather strangely and formed large, 
unstable duplications that were integrated into the chromosome at two loca- 
tions^^^. The 105 kb element containing the genes for chlorocatechol degrada- 
tion (among others) was also discovered in the chromosome of strain B13, in 
two separate locations^^^. It integrates into the 3 '-end of a target glycine tRNA 
gene and obviously employs a phage-type integrase to achieve site-specific 
integrations^^^’ With a certain frequency the element excises, resulting in a 
circular intermediate. In contrast to many pathogenicity islands, the clc ele- 
ment (or clc genomic island) is self-transmissible to other recipient bacteria^"^^. 

2.2. Chlorocatechol Genes in Pseudomona(d)s 

Chlorocatechol genes were not only observed in the above-mentioned 
Pseudomonas strains, but also in P aeruginosa JB2^^^, Pseudomonas sp. strain 
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Figure 1. The chlorocatechol or^/?o-cleavage pathway for the degradation of 3-chloro-, 4-chloro-, 3,5- and 3,6-dichlorocatechol^^’ and organization of the 

gene clusters (Top: R putida AC866, clcR-ABCDEf^^., P. aeruginosa JB2, clcR-ABCDE^^^; Pseudomonas sp. P51, tcbR-CD ORP P chlororaphis RW71, tetR~ 

CD ORF EF'^^\ R. eutropha NH925^ Bottom: Ralstonia eutropha JMP134, tfdT-CjDjEjFj, with tfdThQing truncated^’ Burkholderia sp. NK8, tfdT-CDEF^^^). 
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and various other proteobacteria like R. eutropha JMP134^'^’ 

R. eutropha or Burkholderia sp. strain Usually, these genes 

are localized on catabolic plasmids"^^, often broad host range IncP-1 plas- 
mids^^^, such as pJP4 of strain JMP134^^. Just recently, Muller et alP^ showed 
that also genomic islands containing chlorocatechol catabolic genes are not 
unique to strain B13, and a genomic island very similar to the clc genomic 
island was identified in Ralstonia sp. strain JS705 isolated from a chlorobenzene- 
contaminated environment. The fact that chlorocatechol genes are localized on 
mobile genetic elements indicated that they can be easily transferred, and thus 
spread in the environment. 

The genes encoding the chlorocatechol pathway in all the above organisms 
form clusters and the structures of the corresponding operons are nearly identical, 
in spite of the geographically distinct origins of the bacteria or the difference in 
their phylogenetic position (Figure 1). The structural gene encoding chlorocatechol 
dioxygenase is followed by the structural gene encoding chloromuconate cycloi- 
somerase. The major difference between the different clusters is that one group 
(e.g., the gene clusters of P. putida AC858^^, R aeruginosa Pseudomonas 

sp. strain P5U^^, R chlororaphis RW7U^\ R. eutropha contains an ORF 

of unknown function following the chloromuconate cycloisomerase gene whereas 
such an ORF is absent in the other (e.g., strains JMP134 and NK8^^^’ Two 
structural genes encoding dienelactone hydrolase and maleylacetate reductase 
complete the catabolic clusters^^’ Regulatory genes usually precede 

the structural genes and are orientated in the opposite direction. The gene products 
of the regulatory genes, which are members of the LysR family, act as positive reg- 
ulators^^. 2-Chloro-czXcw-muconate was demonstrated to be the inducer of the clc 
operon^^^’ But not only the structure of the operons of the chlorocatechol genes 
is similar. Isofimctional enzymes of the chlorocatechol pathway were shown to be 
homologous and more similar to each other than to the corresponding enzymes of 
catechol pathways, indicating a common origin of the proteobacterial chlorocate- 
chol pathways^ In contrast, the enzymes of the Gram-positive organism 
Rhodococcus opacus ICP turned out to have unusual biochemical properties and 
sequences with relatively little similarity to proteobacterial chlorocatechol gene 
sequences, thus indicating an independent origin^^’ 

2.3. Differences in Chlorocatechol Catabolic Enzymes 

However, despite the high similarity in chlorocatechol pathway catabolic 
genes, significant differences were also observed. Strains like B13 have been iso- 
lated for growth on 3-chlorobenzoate. The chlorocatechol gene products were, 
however, capable of dealing with higher chlorinated catechols such as 3,5- 
dichloro- or 3,6-dichlorocatechol, whereas 3,4-dichlorocatechol was only a 
poor substrate^^’ In contrast, the enzymes of Pseudomonas sp. strain P5I 
(isolated with 1,2,4-trichlorobenzene)^^^ or R chlororaphis RW71 (isolated with 
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1.2.3.4- tetrachlorobenzene)^^^ were capable of transforming 3,4-dichlorocate- 

chol, and strain RW71 was even capable of transforming tetrachlorocatechol with 
a reasonable activity. Differences were also observed in chloromuconate turnover, 
with the cycloisomerase of IMP 134 being poorly active against 2-chloromu- 
conate^^^’ However, all proteobacterial chloromuconate cycloisomerases 

obviously share common features, which discriminate them from the 
Rhodococcus enzymes. They catalyze a specific cycloisomerization of 2-chloro- 
muconates, which can occur either between the Cl and C4 or the C3 and C6 
carbon atoms to form preferentially 5-chloromuconolactone. 5-Chloromuco- 
nolactone is a substrate for proteobacterial chloromuconate cycloisomerases and 
is dehalogenated to form /ra«^-dienelactone^^^. Thus, proteobacterial chloromu- 
conate cycloisomerases are specific dehalogenases. The formation of trans- 
dienelactone is due to the fact that after cycloisomerization the lactone ring has 
to rotate in the catalytic center to achieve proton abstraction and thus dehalo- 
genation^^^. In contrast, chloride from the 3-position of chloromuconate seems to 
be directly eliminated during cycloisomerization^^^. Such mechanisms explain 
also the differences in stereochemistry of products formed during cycloisomeri- 
zation of higher chlorinated muconates^^^. Evidently, for the degradation of var- 
ious chloroaromatics, it is an important prerequisite that the dienelactone 
hydrolase involved in the pathway is of relaxed substrate specificity and accepts 
both cis- and trans-isomQrs of dienelactone as substrates^^^. The formed maley- 
lacetates are then transformed by a maleylacetate reductase^^^. Maleylacetates 
with chlorine substituents in 2-position such as 2-chloromaleylacetate (formed 
from 3,5-dichloro-, and 3,6-dichlorocatechol; Figure 1) or 2,5-dichloromaleylac- 
etate (probably formed from 3,4,6-trichlorocatechol during 1,2,4-trichloro- or 

1.2.4.5- tetrachlorobenzene degradation^^’ are reduced in a first step to give 

maleylacetate or 3-chloromaleylacetate, respectively. Obviously, enzymatic 
attack on the C2-carbon results in an intermediate, which spontaneously elimi- 
nates chloride. Therefore, two moles of NADH per mole substrate are consumed 
for the conversion of maleylacetates which contain a chlorine substituent in the 
2-position^^’ No significant differences in substrate specificity and 

chloride elimination were observed for different maleylacetate reductases 
involved in the chlorocatechol pathway^^^, and obviously also maleylacetate 
reductases of the hydroquinone pathway (see Chapter 15, Volume 3) can carry out 
such dehalogenation^^^’ Probably dehalogenation of 2-chloromaleylacetate is 
a general capability of maleylacetate reductases and based on the enzyme mech- 
anism. Also chromosomal encoded maleylacetate reductases have been 
described^^^’ (AF130250) and hypothetical maleylacetate reductase genes 
have been observed in sequenced Ralstonia genomes. If those genes are, however, 
also present on Pseudomonas chromosomes remains to be elucidated. 

Whereas the degradation of chloroaromatics by pseudomonads has been 
very well elucidated, only poor information exists on the degradation of 
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Figure 2. Degradation of fluorocatechols^^’ 
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fluoro-, bromo- and iodoaromatic compounds. From literature available it can 
be deduced that no qualitative difference between the degradability of chloro- 
and bromocatechols exists and transformation rates of bromo-derivatives are 
usually slightly lower than those of the respective chlorocatechols^^’ 

Fluorocatechols, however, can create severe problems for proteobacter- 
ial chlorocatechol pathway enzymes. Evidently, proteobacterial chlorocatechol 
pathways are not suited for the degradation of 3-fluorocatechol (Figure 2), and 
significant cycloisomerization of 2-fluoromuconate is neither achieved by 
muconate nor chloromuconate cycloisomerases analyzed thus far^^’ In 

contrast, degradation of 4-fluorocatechol was reported^^^ and the degradation 
of 4-fluorobenzoate by strain B13 was proposed to proceed via 4-fluorocate- 
chol, 3-fluoromuconate and cz5'-dienelactone. However, Schlomann et al?^^ 
showed that cycloisomerization of 3-fluoromuconate results in the formation 
of 4-fluoromuconolactone (Figure 2), which is defluorinated neither by pro- 
teobacterial muconate nor chloromuconate cycloisomerases. 



3. PERIPHERAL CATABOLIC ROUTES 
3.1. Substrate Specificities of Peripheral Enzymes 



Pseudomonas sp. strain B13 degrades 3-chlorobenzoate by using chro- 
mosomal encoded enzymes in concert with enzymes encoded on the clc 
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element, and various Pseudomonas strains have been described capable of 
degrading 3-chlorobenzoate via a chromosomal encoded benzoate dioxyge- 
nase/dehydrogenase system and chlorocatechol genes. Benzoate dioxygenase 
genes have been localized in R putida, R aeruginosa and R fluorescens 
genome sequencing projects, and thus seem to be spread among Pseudomonas 
strains. However, in an early study it was observed that in R putida, R aeruginosa, 
R fluorescens, R chlororaphis and R stutzeri strain collections the capability to 
degrade benzoate was ubiquitous in R aeruginosa, R chlororaphis and R putida, 
but only a few R stutzeri and R fluorescens strains harbored that capability^^^. 
The substrate specificity of benzoate dioxygenases is usually restricted to 
benzoate and 3-chloro-/3-methylbenzoate, as shown for chromosomal 
encoded enzymes from strain B13^^^, strain JMP134^^^ and from the distantly 
related enzyme from Rhodococcus sp. strain RHAl Thus, by recruitment of 
a chlorocatechol pathway, such strains can assemble a complete pathway for 
3-chlorobenzoate degradation. 

In contrast to benzoate dioxygenase, the toluate 1,2-dioxygenase 
(XylXYZ) of R putida mt-2, whose natural function is the conversion of m- 
and p-toluate, transforms also 4-chlorobenzoate^^^. 4-Chlorobenzoate is a 
good substrate because of the structural analogy to j!7-toluate (4-methylbenzoate). 
These data indicate that electronic effects, which might have been expected 
from chlorosubstituents, are not responsible for the varying activities found 
with different chlorobenzoates. Instead, pre-adaptation for growth with differ- 
ent methyl-substituted substrates has eliminated the steric hindrance for a 
respective chloroanalogous compound. It can be reasoned that pathways 
evolved for the degradation of naturally occurring methylsubstituted growth 
substrates can often deal with substrates bearing chlorine substituents, since 
both substituents are of similar size. This pre-adaptation avoids steric hindrance 
and slowdown of conversion rate of a chlorinated substrate. 

Thus it was reasoned that a combination of a toluate pathway with a 
chlorocatechol pathway should result in derivative strains capable of mineral- 
izing 4-chlorobenzoate. Actually, strain B13 acquired the ability to utilize 
novel substrates like 4-chloro- and 3,5-dichlorobenzoate after transfer of the 
TOL plasmid of R putida mt-2 harboring the toluate dioxygenase genes^^^. 
Similarly, transfer of the clc element into strain mt-2 resulted in 4-chloroben- 
zoate degrading derivatives^^^. However, a simple combination of pathway 
segments did not directly allow transconjugants to grow on 4-chlorobenzoate, 
but 4-chlorocatechol formed from 4-chlorobenzoate was dominantly chan- 
neled into the catechol me/< 2 -cleavage pathway (see Section 4.2), the genes of 
which are localized in the same transcriptional unit on the TOL plasmid as the 
toluate dioxygenase genes. In 4-chlorobenzoate mineralizing hybrid strains 
misrouting was avoided either by inactivating the gene of the catechol 2,3- 
dioxygenase, xylE, by an insertion or a point mutation (P. A. Williams, 
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Figure 3. Peripheral fiinneling pathways leading to the formation of central diphenolic interme- 
diates catechol, methylcatechol, protocatechuate or gentisate (shown boxed). 



personal communication). By mimicking natural gene transfer in the labora- 
tory the judicious combination of peripheral (Figure 3) and central chlorocat- 
echol pathway segments (Figure 1) in a suitable host organism has provided 
complete hybrid pathways for various mono- and disubstituted chloroaromat- 
ics^^^ such as chlorinated benzenes^^^, phenols^^^, salicylates^^^, anilines^^^ 
and toluenes^’ 

In the meantime, information on the substrate specificities, genetic orga- 
nization and spread of such peripheric enzymes, specifically in Pseudomonas 
and other proteobacteria has accumulated. A broad substrate specificity 
enzyme analyzed in detail is the toluene dioxygenase of R putida FI. Toluene 
dioxygenase belongs to the toluene/biphenyl family of Rieske non-heme iron 
dioxygenases^^^. The enzyme system comprises an electron transport chain of 
ferredoxin reductase and ferredoxin, which channels electrons from NADH onto 
the catalytically active oxygenase consisting of a- and 3-subunits (Figure 
with the a-subunit being dominantly responsible for substrate specificity^^. 
Toluene is oxidized to the respective c/^'-dihydrodiol^^^, which is subsequently 
dehydrogenated to 3 -methylcatechol (Figure 3). This enzyme system also 
accepts chlorobenzene, /?-chloro- or j9-bromotoluene as substrates, which are 
oxidized to their dihydrodiols and dehydrogenated to the respective catechols 
(for a review of toluene dioxygenase catalyzed conversions see ref. [143]). 





Figure 4. Organization of genes clusters encoding (chloro)benzene dioxygenases ^84,414 part), benzene/toluene monooxygenases or multicomponent 
phenol hydroxylases^^’ (middle part) and those encoding aniline dioxygenase^^. 
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Thus, the introduction of the clc element resulted in chlorobenzene degrading 
derivatives of R putida Similarly, 1,4-dichlorobenzene degraders can 
easily be evolved by acquisition of chlorocatechol genes in toluene degrading 
strains^^^. Only a few microorganisms have been isolated thus far on the basis 
of degrading 1,2-dichloro-^^^, 1,3-dichloro-^^, or 1,4-dichlorobenzene^^^’ 
Their chlorobenzene dioxygenases have been indicated to be specifically 
adapted for transformation of their respective growth substrate. Pseudomonas 
sp. strain P51, isolated on the basis of degrading 1,2,4-trichlorobenzene^^^ 
contains a broad-spectrum chlorobenzene dioxygenase capable of transform- 
ing all dichlorobenzenes and even 1,2,4-trichlorobenzene. The respective 
tcb genes^^"^ are highly homologous to the respective tod genes (Figure 4) 
involved in toluene degradation by FI (e.g., 89% identity in amino acid 
sequence of the respective a-subunits), indicating that small changes in 
amino acid sequence have a significant influence on substrate specificity. The 
a-subunit TcbAa also shares more than 96% identity with tetrachlorobenzene 
dioxygenase of Ralstonia sp. PS 12, an enzyme that lost the capability to 
transform benzene 

The first enzymes of the chlorobenzene degradation pathway of strain 
P51, the chlorobenzene dioxygenase and the cw-chlorobenzene dihydrodiol 
dehydrogenase, are encoded on a plasmid-located transposon^^^ with the 
chlorocatechol genes located on the same plasmid. High homology suggested 
that the chlorobenzene dioxygenase and dehydrogenase originated from a 
toluene or benzene degradation pathway, probably by horizontal gene transfer, 
to form a functional chlorobenzene degradative pathway in combination with 
the chlorocatechol genes. A very similar gene organization was observed on 
the strain PS 12 IncP plasmid^ ^ and it was shown that different genetic events 
led to inactivation of the perturbing mc^a-cleavage enzymes in strains P5 1 and 
PS 12 during the evolution of efficient chlorobenzene degradation pathways. 
Recently, it could be demonstrated that respective metabolic pathway are 
formed through the activity of IS elements and clc elements under natural 
conditions^^^. 

The dioxygenation of toluene is only one of five different aerobic path- 
ways for initializing toluene degradation (Figure 3). The TOL plasmid pWWO 
is known to encode not only enzymes for the degradation of m- and /?-toluate 
(see above) but also the complete set of enzymes necessary for the degradation 
of m- and /?-xylene via the respective methylbenzoates as intermediates^^^. The 
degree of transformation of chlorotoluenes by xylene monooxygenase 
(XylMA) depends on the position of the chlorine substituent. The substrate 
analogs 3-chloro- and 4-chlorotoluene are transformed at high rates, while no 
or only low activity has been found with other chlorotoluenes. Substituents in 
ortho position impaired substrate binding^^. Transfer of the TOL plasmid into 
strain B13 allowed the isolation of chlorotoluene-degrading organisms^’ 
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Toluene monooxygenases that hydroxylate the aromatic nucleus at all 
three possible positions, producing 2-methyl-, 3-methyl-, or 4-methylphenol 
(Figure 3) have been described^^^’ and include the xylene monooxyge- 
nase systems of R stutzeri 0X1^^ and Pseudomonas mendocina KRl^^^. These 
enzymes belong to an evolutionary related family of soluble diiron hydroxy- 
lases, including also phenol hydroxylases and methane monooxygenases. The 
enzyme complexes consist of an electron transport system comprising a reduc- 
tase (and in some cases a ferredoxin), a catalytic effector protein which con- 
tains neither organic cofactors nor metal ions and is assumed to play a role in 
assembly of an active oxygenase^^^ and a terminal hydroxylase with a (^^ 7)2 
quaternary structure and a diiron center contained in each a-subunit. The 
monooxygenases were classified according to their a-subunits, which are 
assumed to be the site of substrate hydroxylation, into four different phyloge- 
netic groups with toluene monooxygenases falling into group 1 and The 
enzymes in group 1 comprise primarily phenol and methylphenol monooxy- 
genases like the a-subunit DmpN of the methylphenol degrader Pseudomonas 
sp. strain CF600^^^ but also the toluene 2-monooxygenase of Burkholderia 
cepacia and Burkholderia sp. strain 38150^"^^, and the tbcl (phenol 

hydroxylase) gene cluster of strain JS150. The respective gene clusters usually 
lack a ferredoxin gene (see Figure 4). As the toluene 2-monooxygenase of 
strain G4 was capable of further transforming 2-methylphenol formed from 
toluene into 3-methylcatechol^'^^, this enzyme can be regarded as a phenol 
hydroxylase (Figure 3). Group 2 comprises enzymes that oxidize nonhydrox- 
ylated compounds and the gene cluster usually comprises a ferredoxin com- 
ponent. Some of the enzymes of this subfamily like the tou gene products of 
strain 0 X 1 ^"^ have also been shown to oxidize phenol and methylphenols, 
whereas others do not harbor this capability. In toluene 4-monooxygenase of 
P mendocina KRl it was shown that the effector protein is necessary not only 
for effective coupling, but also for a high regioselectivity^^^. Whereas a com- 
plete monooxygenase system produced nearly exclusively 4-chlorophenol 
from chlorobenzene^^^, absence of the effector protein resulted in a signifi- 
cant formation of 2-chloro- and 3-chorophenol^^^. However, the a-subunit was 
found to be dominantly responsible for regioselectivity and a G103L mutant 
was shown to produce nearly equal amounts of 2-chloro-, 3-chloro-, and 
4-chlorophenol. The product distribution of the mutant enzyme from toluene 
was similar to that observed in other naturally occurring members 
of the toluene/benzene hydroxylase branch of the diiron hydroxylase phyloge- 
netic tree such as P aeruginosa JI104^^^ and P stutzeri 0X1^^, and it can be 
proposed that the capability to transform chlorobenzene is spread among those 
gene products, and actually tbc2 (toluene 2-monooxygenase) of strain JS150 
was shown to transform chlorobenzene into 2-chlorophenol^^^ Only poor 
information is available on transformation of chlorophenols formed by 
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monooxygenation by multicomponent toluene hydroxylases, but Johnson and 
Olsen^^^ indicated the formation of 4-chlorocatechol from chlorobenzene by a 
plasmid containing toluene 4-monooxygenase genes from strain JS150. The 
multicomponent phenol hydroxylases, usually localized on plasmids and char- 
acterized from various Pseudomonas sp. have recently been systematically 
analyzed, and their phylogenetic relationships correlate with their kinetic prop- 
erties^^^ Both, members of the so-called low K^-group (comprising phenol 
hydroxylases from Comamonas testosteroni R5, R. eutropha E2 and toluene 
2-monooxygenases of B. cepacia G4 and JSlOO) and the moderate K^-group 
(comprising phenol hydroxylases of Pseudomonas sp. strain CF600 and 
P putida BH) have been analyzed for their capability to transform chlorophe- 
nols. High chlorophenol dependent oxygen uptake, usually higher than 50% 
that with phenol was observed by the BH, R5 and E2 derived enzymes, indi- 
cating them to be capable of transforming all monochlorophenols^^®. 

The reactions catalyzed by multicomponent phenol hydroxylases 
(Figure 3) are similar to those catalyzed by flavoprotein monooxygenases^^^. 
Both 2,4-dichlorophenol hydroxylases and phenol hydroxylase PheA from 
Pseudomonas sp. strain ESTlOOl are single component flavoproteins. 2,4- 
Dichlorophenol hydroxylases are usually involved in 2,4-D degradative path- 
ways, plasmid encoded and linked with further genes involved in 2,4-D 
degradation^^’ All three 2,4-dichlorophenol hydroxylases purified so 

far^^’ do not transform phenol, and activity with 3 -chlorophenol was 

either low, or absent. Despite the fact that PheA shared 46% of sequence iden- 
tity with TfdB of the 2,4-D degrader strain JMP134, it is of restricted substrate 
specificity and only transforms phenol and 3-methylphenoF^^. A phylogenet- 
ically unrelated chromosomal encoded flavoprotein phenol hydroxylase, des- 
ignated TbuD, was described from Ralstonia pickettii PKOl^^^. The enzyme 
was shown to exhibit broad substrate specificity and monochlorophenols were 
transformed to the corresponding catechols^^^. Thus, despite the observation 
that a phenol degrading activity is common in P putida isolates^"^^, the fact that 
completely different phenol hydroxylase systems are known, prevents us from 
deducing that a chlorophenol cometabolizing activity is spread in 
Pseudomonas sp. However, for example. Pseudomonas sp. B13, obviously 
recruits a phenol hydroxylase, probably not encoded on the clc element, for 
growth on 4-chlorophenol^^^. 

Salicylate hydroxylase (Figure 3) is a flavoprotein monooxygenase that 
catalyzes the conversion of salicylate to catechol. The enzyme was first puri- 
fied from P putida later from various other Pseudomonas and 

Burkholderia, and cloned and sequenced from various sources^^’ 
dominantly Pseudomonas sp. Usually, salicylate hydroxylase is included in the 
naphthalene pathway, and the gene encoding salicylate hydroxylase is followed 
by genes encoding a me^tz-cleavage pathway. Different so-called NAH 




522 



Dietmar H. Pieper and Walter Reineke 



plasmids harboring those genes have been described from Pseudomonas 
strains^^’ but in contrast, P stutzeri ANIO harbors chromosomal located 
nah genes^^^. Moreover, variations in gene organization were observed. 
P stutzeri ANIO, besides nahG encoding salicylate hydroxylase located in one 
transcriptional unit with the me^a-cleavage pathway genes, contains a second 
gene encoding salicylate hydroxylase, nahW, which is situated outside but in 
close proximity to this transcriptional unit. Both, the nahG and nahW genes of 
P stutzeri ANIO are induced and expressed upon incubation with salicylate. 
Such a gene organization seems to be common to naphthalene degrading 
P stutzeri strains^^. Despite differences in gene organization and partially low 
homology (NahW shares 23-25% amino acid sequence identity with other sal- 
icylate hydroxylases), most salicylate hydroxylases described thus far exhibit 
similar substrate ranges with significant activities against 4-chloro- and 
5-chlorosalicylate, and a lower activity against 3-chlorosalicylate^^’ 

However, recently a complete new group of three-component salicylate 
1 -hydroxylases has been described, which consists of a hydroxylase compo- 
nent, a ferredoxin and a ferredoxin reductase^^^, differing significantly in sub- 
strate specificity from previously analyzed single component salicylate 
1-hydroxylases^^^. Given the broad substrate specificity of salicylate 1 -hydroxy- 
lases it is not astonishing that chlorosalicylate mineralizing Pseudomonas 
strains could easily be obtained by combining a salicylate hydroxylase with a 
functioning chlorocatechol pathway^^^’ Genes similar to those encoding sal- 
icylate hydroxylase (approx. 25-30% amino acid sequence identity) have been 
localized in the genome of P aeruginosa PAOl and P putida KT2440, however, 
KT2440 is reported not to grow on salicylate^^^. The analysis of strain collections 
has shown that only a few Pseudomonas strains are capable of mineralizing 
salicylate, whereas such a capability seems to be frequent in B. cepacia^^^. 

In contrast to clear biochemical and genetic evidences for degradation of 
salicylate/chlorosalicylates, benzenes/chlorobenzenes and benzoates/chloroben- 
zoates, information on the degradation of aniline/chloroaniline is still scarce. 
Bacteria from different genera such as Frateuria^, Pseudomonas^^^ or 
Acinetobacter^^ have been described to degrade aniline via catechol as interme- 
diate (Figure 3), which can then be further metabolized by ortho-^^^ or meta- 
cleavage pathways^^^. Such a reaction would suggest the involvement of a 
dioxygenase system as described for benzoate degradation. However, genetic 
studies on the plasmid localized genes of P putida UCC22 mdAcinetobacter sp. 
strain YAA indicated a more complex mechanism (Figure 4). A dioxygenase 
system similar to benzoate dioxygenase consisting of a- and P-subunits and a 
reductase is preceded by genes similar to glutamine synthetases and amido- 
transferases^^’ indicating their possible involvement in transfer of the amino 
group. Even though there is no detailed information on substrate specificities of 
aniline dioxygenases, it can be assumed that in 3-chloroaniline mineralizing 
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strains the substrate is transformed by aniline dioxygenase, and the formed 
chlorocatechol degraded via a chlorocatechol or//?o-cleavage pathway^^^’ 
Latorre et al. analyzed a methylaniline degrading Pseudomonas sp. as being 
capable of cometabolizing chloroanilines and derivatives of Pseudomonas sp. 
strain B13 capable of mineralizing chloroanilines could be obtained after pro- 
longed coculture with this organism, indicating transfer of the aniline dioxyge- 
nase system^^^. Most isolates reported thus far capable of degrading aniline and 
chloroanilines belong to the (3-subclass of the proteobacteria (dominantly 
Comamonadaceae^^’ but also different Pseudomonas strains^^ were reported 
to harbor such capability. 

3.2. Oxygenolytic Dehalogenation 

Usually, dioxygenases activating the aromatic ring attack either at two 
unsubstituted carbon atoms, as shown for benzene/toluene dioxygenase or at an 
unsubstituted and a carboxylated carbon atom such as benzoate/toluate dioxy- 
genases, giving rise to cw-dihydrodiols, which are further transformed by dehy- 
drogenases to give 1,2-diphenols. Some ring activating dioxygenases can bring 
about dehalogenation of haloaromatic compounds. Benzoate dioxygenase of 
strain B13 attacks 2-fluorobenzoate dominantly in a 1,6-fashion^^, giving rise to 
a dihydrodiol, which is rearomatized to 3-fluorocatechol (Figure 5). As the ring- 
cleavage product 2-fluoromuconate is no substrate for proteobacterial 
(chloro)muconate cycloisomerases, strain B13 cannot grow on 2-fluoroben- 
zoate. However, prolonged adaptation resulted in derivatives, which can grow 
on this substrate. Obviously, spontaneous mutants in the benzoate dioxygenase 
arose, which dominantly performed a 1,2-dioxygenation^^, such that one of the 
v/c-hydroxyl groups in the c/5-dihydrodiol is bound to the same carbon as the 
fluoro-substituent. From such an instable v/c-dihydrodiol, the fluoro-substituent 
will be spontaneously eliminated to give catechol (Figure 5). A similar mecha- 
nism had been previously suggested for degradation of 2-fluorobenzoate by 
another pseudomonad^^^’ However, 2-chlorobenzoate cannot be used as a 
growth substrate by B 13-derivatives, indicating that proteobacterial benzoate 
dioxygenases cannot accommodate such a voluminous substituent in the 
or^/?o-position. 

Since the 1980s, different groups succeeded in isolating bacteria capable 
of degrading 2-chlorobenzoate, and thus far, only Pseudomonas and 
Burkholderia strains were identified to harbor such capability. The isolates could 
be grouped into those capable of degrading 2-chlorobenzoate {B. cepacia INMI- 
KZ-2"^^^, B. cepacia 2CBS^^, P putida CLB250^^, P aeruginosa 2-BBZA^^^ and 
Burkholderia sp. strain TH2^^"^) and those capable of degrading also either 2,4- 
dichloro- or 2,5-dichlorobenzoate. The last mentioned group comprises thus far 
only Pseudomonas strains {P stutzeri KS25^^^, P putida Pill P aeruginosa 
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Figure 5. The oxygenolytic dehalogenation of 2-fluoro-^^, 2-chloro-^^, and B-chlorobenzoate^"^^ 
as well as of 4-chlorophenylacetate^^^ and of 1,2,4,5-tetrachlorobenzene^^ as catalyzed by Rieske 
non-heme iron oxygenases involves the formation of unstable dihydrodiols (right degradative 
sequence), whereas attack on nonchlorinated carbon atoms give rise to stable halosubstituted dihy- 
drodiols^^’ (left degradative sequence). The genetic organization of the Rieske non-heme 

iron oxygenases benzoate 1,2-dioxygenases of P. putida KT2440*^^, 2-halobenzoate 1,2-dioxyge- 
nases of B. cepacia 2CBS^^^, Burkholderia sp. TH2^^^, R aeruginosa 142^^^ and R aeruginosa 
and 3-chlorobenzoate 4, 5 -dioxygenase of C. testosteroni BRbO^"^^ are shown. 



R aeruginosa 142^^^ and oihQX Pseudomonas sp.^^^). All these organisms 
catalyze a 1,2-dioxygenation of 2-chlorobenzoate thereby forming catechol 
(Figure 5), whereas 4-chlorocatechol is produced by successful dioxygenation of 
2,4-dichloro- and 2,5-dichlorobenzoate. The only possible exception to this rule 
are derivatives of B. cepacia WR401^^’ which obviously catalyze a 1,6- 
dioxygenation of 2-chlorobenzoate forming 3-chlorocatechol after dehydro- 
genation (Figure 5). As the degradation of 4-chlorocatechol necessitates the 
presence of a chlorocatechol degradative pathway, it can initially be assumed, 
that organisms capable of degrading 2-chlorobenzoate only, and those capable of 
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degrading also 2,4-dichloro- or 2,5-dichlorobenzoate differ by the presence of a 
chlorocatechol pathway. However, two distinct 2-chlorobenzoate degrading 
dioxygenase systems have been described (Figure 5). The plasmid-bome two- 
component 2-halobenzoate 1,2-dioxygenase (oxygenase consisting of a- and 
P-subunits and a reductase) from strain 2CBS^^’ like the one from strain 
is similar (56-59% of sequence identity of a-subunits) to the two- 
component plasmid-bome toluate 1,2-dioxygenase from R putida mt-2^^^ and 
benzoate 1,2-dioxygenase of P putida PRS2000^^ and thus belongs to the fam- 
ily of benzoate dioxygenases These 2-halobenzoate dioxygenases are charac- 
terized by their high activity against 2-chlorobenzoate, and also 2-fluoro-, 

2- bromo-, and even 2-iodobenzoate are transformed into catechol^^’ whereas 

3- chlorobenzoate is only a poor substrate. Transformation rates of 4-chloro-, 

2. 4- dichloro- or 2,5-dichlorobenzoate are negligible. In contrast, the 2-chloroben- 
zoate dioxygenase system of P aeruginosa strain 142 is a three-component 
dioxygenase system (oxygenase consisting of a- and P-subunits, ferredoxin and 
reductase)^^^. Moreover, the a-subunits of 2-chlorobenzoate dioxygenases of 
strains JB2 and 142^^^ exhibit only 22% of sequence identity with that of strain 
2CBS, but significant levels of identity (42%) with salicylate 5-hydroxylase from 
Pseudomonas sp. strain U2^^ and putative biphenyl dioxygenase a-subunits from 
Novosphingobium aromaticivorans FI 99^^^. Thus, 2-chlorobenzoate dioxyge- 
nases are functionally similar, but represent two different lineages with distinct 
activities. The dioxygenase system of strain JB2 differed only slightly from 
that of strain 142^^^ As these strains originated from California and Russia, 
respectively, it was suggested that ohbAB and/or the mobile element on which 
the genes are carried might have a global distribution. The most versatile 
chlorobenzoate degrader is P putida PllH^^, which also grows on 4- 
chlorobenzoate. Its capabilities were assumed to result from the involvement 
of two separate dioxygenases, a chromosomal encoded one with specificity 
similar to that of toluate 1,2-dioxygenase and a plasmid encoded one, with 
activity similar to the 2-chlorobenzoate dioxygenases of strains JB2 and 142^"^. 

Another dechlorinating system capable of dechlorinating 3-chlorosub- 
stituted benzoates has been described in C testosteroni strain BR60^^^. 
3 -Chlorobenzoate (as a nonsymmetric compound it can bind as m-chloro as 
well as m'-chloro analog) is dominantly subject to 4,5-dioxygenation^^® by 
CbaAB (3-chlorobenzoate 4,5-dioxygenase and reductase)^"^^ to give 5-chloro- 
protocatechuate after CbaC mediated dehydrogenation (Figure 5). A minor 
amount of 3-chlorobenzoate is 3,4-dioxygenated, resulting in an unstable dihy- 
drodiol, which spontaneously eliminates chloride to form protocatechuate^^^. 

3.4- Dichlorobenzoate is exclusively dechlorinated to give 5-chloroprotocate- 
chuate^"^®’ which is a substrate for the protocatechuate meta-nng fission 
pathway in BR60 as described by Kersten et al}^^. The oxygenase belongs to 
the group I dioxygenases^"^"^ or phthalate family of dioxygenases a large and 
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diverse family of oxygenases, comprising both mono- and dioxygenases, 
where the oxygenase subunit has an an subunit configuration (in contrast to 
other oxygenase systems, which consist of, a- and (3-subunits). 

A similar dechlorinating dioxygenase, probably belonging to the phtha- 
late family of dioxygenases^"^^ has been described in Pseudomonas sp. strain 
The enzyme system, consisting of an a 3 -oxygenase^^^ and a FMN 
containing reductase^^^, converts 4-chlorophenylacetate to 3,4-dihydroxypheny- 
lacetate (Figure 5) and exhibits high substrate specificity. Only 4-bromo- and 
4-fluorophenylacetate were transformed with significant activity, whereas 
phenylacetate, benzoate or hydroxylated analogs were not oxidized^^^. 

An oxygenolytic mechanism was also reported to be responsible for 
dechlorination carried out by biphenyl 2,3-dioxygenase from Burkholderia sp. 
strain LB400^^^’ and suggested for the enzyme from C. testosteroni B-356^. 
By those enzymes, 2-chlorosubstituted biphenyls are transformed into unsta- 
ble dihydroxy compounds, which spontaneously rearomatize with concomitant 
elimination of chloride, to give the corresponding catechol derivatives. By 
exchanging subunits between different dioxygenase systems, several groups 
have shown that the a-subunit of Rieske non-heme iron oxygenases is domi- 
nantly responsible for substrate specificity^^’ Despite major 

differences in substrate specificity and dehalogenation the a-subunits of, for 
example. Pseudomonas pseudoalcaligenes KF707 and Burkholderia sp. 
LB400 are nearly identical. Determinants of substrate selectivity and regiose- 
lectivity of dioxygenation have been discovered^ and only few amino 

acid changes resulted in proteins with significantly altered properties. Thus, 
even though only the LB400 derived biphenyl dioxygenase was thus far shown 
to be capable of catalyzing dehalogenation, it can be assumed that such a 
capacity is not restricted to certain species, but possibly spread among organ- 
isms carrying biphenyl dioxygenase genes, including Pseudomonas sp. 

A further dioxygenase capable of carrying out oxygenolytic dehalo- 
genation is the tetrachlorobenzene dioxygenase of Ralstonia sp. strain PS 12^^’ 
This dioxygenase differs from the above-described dehalogenating dioxyge- 
nases, as lower chlorinated derivatives harboring two unsubstituted carbon 
atoms are subject to a conventional dioxygenation resulting in dihydrodiols^^, 
and only 1,2,4,5-tetrachlorobenzene, which misses two neighbored unsubsti- 
tuted carbon atoms, is subject to oxygenolytic dehalogenation (Figure 5). 
Sequential exchange of individual amino acids in the highly homologous 
nondehalogenating toluene dioxygenase of P putida FI identified a single amino 
acid residue in the a-subunit of the dioxygenase as critical for dehalogena- 
tion^®. Since the bulkier methionine is located at this position in nondehalo- 
genating Tod dioxygenase and the less bulky alanine is present in the 
dehalogenating Tec dioxygenase, it seems likely that the larger halogenated 
substrate is sterically hindered by the methionine from entering the catalytic 
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site. Enzyme variants could be obtained, which also dehalogenated 2,4,5- 
trichlorotoluene^^^. Further experiments (Beil, unpublished) indicated that the 
chlorobenzene dioxygenase of Pseudomonas sp. strain P51 also is capable of 
dehalogenating 1 ,2,4,5-tetrachlorobenzene. 



4. METABOLISM OF CHLOROAROMATICS BY 
CENTRAL CATABOLIC ROUTES 

4.1. The 3-Oxoadipate Pathway 

The aerobic degradation of aromatic compounds usually involves their 
successive activation and modification such that they are channeled toward a 
few dihydroxylated intermediates such as catechol, gentisate or protocatechu- 
ate (Figure 3), which are then subject to ring cleavage. Many of the enzyme 
systems capable of activating aromatic compounds are of broad substrate 
specificity and transform chlorinated substrate analogs, often resulting in the 
formation of chlorinated catechols (see Section 3.1). However, only a small 
fraction of bacteria able to transform chloroaromatics is capable of mineraliz- 
ing them, as this usually requires the presence of enzymes of the chlorocatechol 
pathway (see Section 2). Chlorocatechols can be regarded as environmentally 
important intermediates and their metabolic fate when processed by enzymes 
of widespread pathways for the metabolism of catechol can be of environ- 
mental significance. The chromosomal encoded 3-oxoadipate pathway is such 
a pathway that is widely distributed in soil bacteria and fungi^^^. One branch 
of this pathway converts protocatechuate (Figure 6), derived from phenolic 
compounds including /?-cresol, 4-hydroxybenzoate and numerous monomers 
formed from lignin breakdown, whereas the other branch converts catechol 
(Figure 6), generated from various aromatic hydrocarbons, amino aromatics, 
and lignin monomers. Two additional steps, a 3-oxoadipate:succinyl-CoA 
transferase and a 3-oxoadipyl-CoA thiolase accomplish the conversion of 
3-oxoadipate to tricarboxylic acid cycle intermediates^"^^. Enzyme studies and 
amino acid sequence data indicate that the pathway is highly conserved in 
diverse bacteria, including Pseudomonas. The catechol branch comprises a 
catechol 1,2-dioxygenase (CatA), a muconate cycloisomerase (CatB), and a 
muconolactone isomerase (CatC), whereas the protocatechuate branch com- 
prises a protocatechuate 3,4-dioxygenase (PcaGH), a carboxymuconate 
cycloisomerase (PcaB) and a carboxymuconolactone decarboxylase (PcaC). 
Both branches thus converge at the stage of 3-oxoadipate enol-lactone, which 
is transformed by an enol-lactone hydrolase (CatD, PcaD) into 3-oxoadipate, 
which is transformed by CatIJ/PcalJ and CatF/PcaF into TCA cycle intermediates. 
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Figure 6. Catechol and protocatechuate branches of the 3-oxoadipate pathway and metabolic fate 
of 3-chloro-^^^’ 341, 381 4-chlorocatechol^^ by enzymes of the catechol pathway. The organization 
of gene clusters for protocatechuate {pcd) and catechol (cat) metabolism in P. putida KT2440^^^’ 

R aeruginosa 2 Lnd Pseudomonas sp. are shown. catA, catechol 1,2-dioxygenase 

gene; catB, muconate cycloisomerase gene; pcaB, carboxymuconate cycloisomerase gene; catC, 
muconolactone isomerase gene; pcaC, carboxymuconolactone decarboxylase gene; catD and pcaD, 
3-oxoadipate enol-lactone hydrolase genes; catF and pcaF, thiolase genes; pcaHG, protocatechuate 
3,4-dioxygenase genes; pcalJ and catlJ, transferase genes; pcaK and pcaT, transport genes; pcaR 
and pcaQ, regulator genes. 



cat genes and pea genes are found in various Pseudomonas strains and 
overviews on the genetic organization have been published^^^’ . 

It has recently been shown that there are severe differences between 
reactions catalyzed by the chlorocatechol and the 3-oxoadipate pathway 
enzymes. In both cases, chlorocatechols were subject to intradiol cleavage 
with the corresponding cis,cis-mucomtQS as products^^’ However, 

muconate and chloromuconate cycloisomerases perform distinct reactions. 
Whereas chloromuconate cycloisomerases catalyze a dehalogenation of 
3-ch\oro-cis,cis-m\xcomtQ to form c/y-dienelactone (Figure 1), muconate 
cycloisomerases catalyze a dehalogenation and decarboxylation to form 
protoanemonin (Figure 6)^^, a compound of high toxicity^^^ Protoanemonin 
formation was observed to be obviously a common reaction performed 
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by proteobacterial muconate cycloisomerases, including those from 
Pseudomonas strains^^^. Protoanemonin formation in turn was assumed to be 
the reason for the poor survival of PCB cometabolizing organisms in soil 
microcosms due to channeling of intermediary chlorobenzoate into the 
3-oxoadipate pathway^^. Even chloroprotoanemonin was reported to be 
formed from 2,4-dichloromuconate by R putida muconate cycloisomerase^^^. 
Also in the case of 2-chloromuconate turnover, muconate and chloromuconate 
cycloisomerases were shown to catalyze different reactions. Whereas chloro- 
muconate cycloisomerase catalyzes dehalogenation to form ^ra«.y-dienelactone 
(Figure 1), obviously via 5-chloromuconolactone as an intermediate^^^, 
muconate cycloisomerases catalyze cycloisomerization only, to form both 
2-chloro- and 5-chloromuconolactone (Figure 6) as stable products^^^ Only 
chloromuconate cycloisomerase, but not muconate cycloisomerase, catalyzes 
dehalogenation of 5-chloromuconolactone^^^’ However, it has recently 
been shown that 5-chloromuconolactone is a substrate of proteobacterial 
muconolactone isomerases^^"^’ of the 3-oxoadipate pathway. Muconolactone 
isomerase catalyzes a dehalogenation of 5-chloromuconolactone to form cis- 
and ^mn^-dienelactone in a 3-4:1 ratio. The mechanism was proposed via 
abstraction of the C4 proton followed by spontaneous chloride elimination. 
The metabolism of 2-chloro-cw,cw-muconate via the 3-oxoadipate pathway 
should then, taking into account the equilibrium between 2-chloro- and 5- 
chloromuconolactone, and 2-chloro-c/5',cw-muconate catalyzed by muconate 
cycloisomerase^^ \ result in the formation of dominantly cw-dienelactone from 
2-chloromuconate (Figure 6). However, like 5-chloromuconolactone, also 
2-chloromuconolactone harbors a proton at C4, which can be abstracted by 
muconolactone isomerase. Protoanemonin was shown to be formed (Figure 6), 
probably by elimination of CO 2 and chloride from chlorosubstituted 3-oxoadipate 
enol-lactone^'^^ 

Specific activities of 3-oxoadipate pathway enzymes were also realized 
for 4-fluorocatechol turnover and 4-fluoromuconolactone was observed as 
cycloisomerization product by muconate cycloisomerases^ Initial evidence 
was given that 3-oxoadipate enol-lacton hydrolases can defluorinate this 
compound with formation of maleylacetate^^^. 

4.2. Alternative Central Pathways for Chlorinated 
1,2-Diphenolic Intermediates 

For a long time the presence of a catechol m^/^f-cleavage pathway was 
assumed to severely interfere with the degradation of chloroaromatics. 
Catechol me^a-cleavage routes are widespread in Pseudomonas and usually 
involved in the degradation of methylsubstituted compounds such as toluene 
or methylphenols^^’ One of the reasons of interference was assumed 
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Figure 7. Me^fl-cleavage pathways for 5-chloroprotocatechuate (top) and 3-chlorocatechol (bot- 
tom). Acylchlorides are shown in brackets. Intramolecular rearrangement results in the formation 
of 2-pyrone-4,6-dicarboxylate from 5-chloroprotocatechuate^^^, which is subject to hydrolysis by 
a hydrolase^ The 3-chlorocatechol ring-cleavage product can react either with the ring cleavage 
enzyme resulting in suicide inactivation^^, or be rapidly hydrolyzed to give 2-hydroxymuconate^^^. 



to be the formation of a suicide product, reactive acyl chloride (Figure 7), for 
example, from 3-chlorocatechol by the catechol 2,3-dioxygenase of R putida 
mt-2^^. Their formation results in irreversible inactivation of the ring-cleavage 
enzyme. Other enzymes such as the catechol 2,3-dioxygenase of R putida FI 
were reported to be reversibly inactivated by 3-chlorocatechol which has been 
attributed to the potential of the substrate to chelate the active site ferrous 
ion^^^. However, in other cases reversible inactivation was shown to be due to a 
rapid oxidation of the active site ferrous iron into its ferric form with concomi- 
tant loss of activity^^^ and a general mechanism for the inactivation of extradiol 
dioxygenases during catalytic turnover involving the dissociation of superoxide 
from the enzyme-catecholic-dioxygen ternary complex was suggested. 

In contrast to 3-chlorocatechol, 4-chlorocatechol is a moderate substrate 
for various catechol 2,3-dioxygenases^^’ among them catechol 2,3- 

dioxygenases of family I.2.A^'^, which have been widespread observed to be 
involved in the degradation of methylaromatics by Rseudomonas sp. However, 
despite high sequence identity, members of this subfamily exhibit very differ- 
ent substrate specificities, and a protein 94% homologous to XylE exhibit only 
negligible activity with 4-chlorocatechol^^^. Thus, the capability to transform 
4-chlorocatechol is not a general characteristic of catechol 2,3-dioxygenases 
of family 1.2. A. 4-Chlorocatechol is also a poor substrate for the 2,3 -dioxygenase 
TodF of R putida FI, which belongs to subfamily I.3.B and is thus, related to 
dioxygenases with high activity against bicyclic substrates (2,3-dihydroxy- 
biphenyl). Actually, enzymes related to TodF were shown to be highly active 
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with 2,3-dihydroxybiphenyPl Like for other biphenyl 2,3-dioxygenases^^^’ 
substitution at the 3-position seems to be essential for activity. Some more 
recent publications postulated that compounds degraded via catechols chlori- 
nated in the 4-position might be mineralized via a catechol degrading meta- 
cleavage pathway^’ but information is missing about the 

way in which the products are dechlorinated. 

Recently, P. putida GJ31 was found to degrade chlorobenzene rapidly 
via 3-chlorocatechol and uses a m^/< 2 -cleavage pathway^ In contrast to other 
catechol 2,3-dioxygenases, which are subject to inactivation, the chlorocate- 
chol 2,3-dioxygenase of strain GJ31 productively converts 3-chlorocate- 
choii55 , 216 Stoichiometric displacement of chloride occurs leading to the 
production of 2-hydroxymuconate (Figure 7), which is further converted 
through the w^^a-cleavage pathway. 

A productive me^tz-cleavage without suicide effect is known for about 
20 years for the degradation of 5-chloroprotocatechuate (Figure 7). 
Protocatechuate is a central intermediate in the degradation of various carboxy- 
lated aromatic compounds such as vanillate, vanillin, caflfeate or />-coumarate. 
Three modes of further degradation of protocatechuate have been reported. The 
intradiol cleavage by a protocatechuate 3,4-dioxygenase seems to be widespread 
in Pseudomonas strains, for example, a collection of more than 100 
Pseudomonas strains displayed such an activity^"^^ and respective pea gene 
clusters were localized in the genomes of P putida KT2440, P aeruginosa PAOl, 
P fluorescens Pfo-1 and P syringae pv. tomato DC3000^"^^. However, this path- 
way seems not to be suited for the degradation of chloroprotocatechuate. 
Alternative pathways are the m^^^-cleavage pathways. Whereas a protocatechu- 
ate 2,3-dioxygenase has so far only been described from a Bacillus isolate^^^, pro- 
tocatechuate 4,5-dioxygenase seems to be widespread, and Delftia acidovorans or 
C. testosteroni and also Sphingomonas paucimobilis strains usually exhibit such 
an activity^^®’ whereas Pseudomonas isolates or B. cepacia do not^"^^. 
However, genes similar to those encoding the protocatechuate 4,5-dioxygenase 
pathway were observed in the genome of strain KT2440, but the functioning of 
this pathway has not been proven yet^"^^. Only the protocatechuate 4,5-dioxyge- 
nase pathway has been shown to be functional for the degradation of chloropro- 
tocatechuate and the formation of 2-pyrone-4,6-dicarboxylate by nucleophilic 
displacement of a halide ion from protocatechuates substituted with a halogen at 
the C5 of the nucleus was shown^^^’ (Figure 7). This indicated that cyclization 

entailing nucleophilic displacement of halogen provides an effective alternative to 
the enzyme suicide inactivation that occurs when a nucleophilic group of the 
dioxygenase undergoes acylation. An important aspect of this mechanism is that 
the ring fission product remains bound to the enzyme during a complete config- 
uration change that precedes nucleophilic displacement. Hydrolysis of the pyrone 
is followed by degradation through this w^/a-cleavage pathway. 
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5. THE HYDROQUINONE PATHWAYS 

There are numerous reports of diverse baeteria degrading pen- 
tachlorophenol (PCP), and literature suggested identification as Arthrobacter 
sp. strain ATCC33790^\ Flavobacterium sp. strain ATCC 39723^^, 
Pseudomonas sp. strain SR3^^^, Pseudomonas sp. RA2^^^ and Pseudomonas 
saccharophila strains KFIT, KF3 and NKFl^^^ However, detailed taxonomic 
work had shown later that all those organisms were closely related and repre- 
sent a monophylogenetic group. 16S rRNA analysis together with fatty acid 
and sphingolipid analyses strongly suggested that these strains are members of 
what at that time was called the genus Sphingomonas^^^^ Thus, it was sug- 
gested that PCP degradation by Gram-negative bacteria might occur only in 
the genus Sphingomonas and that Pseudomonas strains are not involved in 
PCP degradation. 

The biochemistry (Figure 8) and genetics of PCP degradation have been 
most intensively studied in Sphingobium chlorophenolicum ATCC39723 (pre- 
viously Sphingomonas chlorophenolica or Flavobacterium sp.^^^’ PCP 
degradation is initiated by pentachlorophenol 4-monooxygenase (PcpB)^^®’ 

In contrast to previous assumptions of tetrachloro-p-hydroquinone to be the 
reaction product^^^, Dai et al?^ showed that tetrachlorobenzoquinone is the 
reaction product, which is reduced in a NADPH-dependent reduction into tetra- 
chlorohydroquinone by the pcpD gene product, tetrachlorobenzoquinone 
reductase. Tetrachlorohydroquinone reductive dehalogenase PcpC catalyzes the 
glutathione dependent reductive dehalogenation first to trichlorohydroquinone 
and then to 2,6-dichlorohydroquinone^^^’ 2,6-Dichlorohydroquinone is 
degraded by Pep A, which, in contrast to previous assumptions is a dioxyge- 
nase, and not a hydrolytic dehalogenase^^^. Evidence for the formation of 
2-chloromaleylacetate was given^^^’ which should arise after hydrolysis of 
the direct ring-cleavage product. Maleylacetate reductase, as shown for the 
degradation of chlorocatechols, is assumed to channel 2-chloromaleylacetate 
into the Krebs cycle, and a maleylacetate reductase encoding gene pcpE was 
localized upstream of pcpA^^. Interestingly, the genes pcpA, pcpBD, pcbC and 
pcpE were found at four discrete locations and whereas pcbC was constitutively 
expressed, the other genes were inducible"^^. 

PcpB carries out the initial attack on PCP. Its gene, pcpB, has been 
sequenced from various Sphingomonas isolates and pcpB sequences were 
identical in strains ATCC 39723, SR3 and RA2^^. Highly homologous genes 
were observed in other sphingomonads^^’ Distribution of the pcpB gene 

was studied in a phylogenetically diverse group of PCP degraders isolated 
from contaminated groundwater in Finland^^^. Surprisingly, highly identical 
pcpB alleles, but distinct from previously identified ones, were determined in 
all PCP degrading sphingomonads, suggesting a recent transfer of this gene 
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in situ in the groundwater^^"^. However, genes were not observed in other 
proteobacteria, including a Pseudomonas strain, even if they were capable of 
PCP transformation. Thus, such organisms, including the Pseudomonas, 
should harbor a different genetic equipment responsible for polychlorophenol 
degradation. However, pcpB gene sequences have been observed in organisms 
not capable of PCP depletion, among them a Pseudomonas isolate^^^. It was 
suggested that the presence of a pcpB gene only in Pseudomonas does not nec- 
essarily confer to them the capability to transform PCP. Still, there are reports 
on PCP degrading Pseudomonas and a detailed phylogenetic study was per- 
formed on the PCP degrading strain Pseudomonas sp. Bu34. Even though 
catabolic genes or enzymes were not described^^^, that study shows that PCP 
degrading Pseudomonas strains exist in nature, however, their degradation 
pathways and their environmental importance remain to be elucidated. 

Chlorophenol monooxygenases not related to pcpB have been reported 
to be involved in 2,4,5-trichlorophenoxyacetate (2,4,5-T) or 2,4,6- 
trichlorophenol degradation (Figure 8), and genes have thus far been described 
from members of the genera Ralstonia^^^’ and Burkholderia^^^ . At least 

the enzymes isolated from R. pickettii DTP0602 and from B. cepacia AC 1 100 
exhibited some PCP transforming activity. Whereas the R. pickettii enzyme 
(like the one isolated from Azotobacter sp. strain Gl^^^) was shown to produce 
2,6-dichlorohydroquinone, the monooxygenases of strains R. eutropha 
JMP134 and B. cepacia AC 1 100 obviously act twice on the substrate, forming 
monochlorohydroquinones from trichlorophenols. However, such genes have 
thus far not been reported to be present in Pseudomonas. 

Above-mentioned pathways for polychlorophenol degradation differ evi- 
dently in the intermediate being subject to ring cleavage. Whereas in PCP 
degrading sphingomonads, 2,6-dichlorohydroquinone is the ring-cleavage 
substrate"^®^, 6-chlorohydroxyquinol is the ring-cleavage substrate in 2,4,6- 
trichlorophenol degradation by strain IMP 134^®^, while hydroxy quinol is the 
ring-cleavage substrate in 2,4,5-trichlorophenoxyacetate degradation by 
B. cepacia AC 1100"^^^. Thus, in the Sphingomonas pathway three chloride 
molecules are eliminated before ring-cleavage, two of them by tetrachlorohy- 
droquinone dehalogenase^^^. 

The enzymes responsible for 2,6-dichlorohydroquinone ring-cleavage 
are special in that they attack an aromatic ring with two hydroxyl groups para 
to each other^^^. The pcpA gene products show high similarity to linE involved 
in the degradation of hexachlorocyclohexane by S. paucimobilis^^^ and 
another putative hydroquinol me^a-cleavage dioxygenase from plasmid pNBl 
of an organism tentatively identified as P putida^^^. However, respective 
enzymes are obviously not restricted to PCP degrading sphingomonads. A 
strain designated Pseudomonas sp. HH35 and capable of degrading 3,5- 
dichloro- and 3,5-dibromo-4-hydroxybenzoate among other compounds was 
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shown to be capable of directly cleaving methyl- or chlorosubstituted hydro- 
quinones^^^ and thus to harbor an enzyme similar in activity to that observed 
in PCP degrading sphingomonads. 

In contrast, degradation of 2,4,5-trichloro- and 2,4,6-trichlorophenol 
occurs via ring-cleavage of trihydroxylated intermediates (Figure 8). Whereas 
6-chlorohydroxyquinol formed from 2,4,6-trichlorophenol can be directly sub- 
ject to ring-cleavage forming 2-chloromaleylacetate^^^ in B. cepacia ACl 100, 
5-chlorohydroquinone is converted to hydroxybenzoquinone by TftG dechlo- 
rinase and hydroxyquinol formed after hydrobenzoquinone reductase medi- 
ated reduction is subject to ring cleavage by TftH^^^. (Chloro)hydroxyquinol 
dioxygenases form a defined phylogenetic group comprising also the enzymes 
of Sphingomonas wittichii RWl^^, Arthrobacter sp. strain BA-5- 17^^^ and 
R. pickettii DTP0602^^^. Despite the availability of only few biochemical data 
it is evident that members of this family differ in substrate specificity toward 
chlorinated substrate analogues^^’ How far such ring-cleavage enzymes 
are spread in Pseudomonas is not known. 



6. 4-CHLOROBENZOATE HYDROLYTIC 
DEHALOGENATION 

The degradation of 4-chlorobenzoate by a pathway distinct from that via 
chlorocatechol, but involving an early dehalogenation (Figure 9), was indi- 
cated as early as Strains of different genera degrading 4-chloroben- 

zoate by an obviously similar mechanism have been isolated^^^’ 
Pseudomonas sp. CBS3 can be regarded as the archetype organism from 




Pseudomonas sp. DJ-12 
Arthrobacter sp. SU 

Arthrobacter sp. TM 1 
1 kb 



A1 B1 Cl 



A1 B1 C1 



A2 B2 C2 



Thioesterase 
O Transport 



Figure 9. Hydrolytic dehalogenation of 4-chlorobenzoate^^^’ and organization of the gene 
clusters in Pseudomonas^^' and ArthrobacteA^^' strains. 
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which the metabolic route and the mechanism of hydrolytic dehalogenation 
have been elucidated in detail^^^. The 4-chlorobenzoate dehalogenase system 
from Pseudomonas sp. strain CBS3 has been shown to be a three-component 
enzyme complex^^’ and the role of each component has been clarified^ 
(Figure 9). The activation of the substrate is carried out by an ATP-dependent 
4-halobenzoate-coenzyme A ligase"^"^’ which shares significant sequence 
similarity with proteins which catalyze similar chemistry in the (3-oxidation 
pathway^^. The activation reaction precedes dehalogenation, which is cat- 
alyzed by a 4-halobenzoyl-CoA dehalogenase forming 4-hydroxybenzoyl- 
CoA^^^’ in a hydrolytic substitution reaction. Substrate binding to the 
dehalogenase active site is followed by nucleophilic attack of the carboxylate 
side chain of Asp 145 at the C4 of the benzoyl group^^’ to form a 

Meisenheimer intermediate^^. The chloride is displaced from this intermediate 
because of rearomatization of the benzoyl-group to form an enzyme-ester and 
hydrolysis of the ester generates the 4-hydroxybenzoyl-CoA product. This 
enzyme was reported to share ancestry with the 2-enoyl-CoA hydratase fam- 
ilyi2’ 295 xhe last step in the reaction to form 4-hydroxybenzoate is carried out 
by the 4-hydroxybenzoate : coenzyme A thioesterase. The absence of serine, 
cysteine or histidine catalytic residues distinguish this protein from all other 
thioesterases characterized to date^^, 22 However, crystallographic investiga- 
tion revealed a high similarity of its three-dimensional structure to that of 
(3-hydroxydecanoyl thiol ester dehydrase from E. coli^^^, and by superimpos- 
ing the two structures, it has been possible to identify the possible active site 
region and to propose a catalytic mechanism whereby the carboxylate side 
chain of Asp 17 activates a water molecule for subsequent nucleophilic attack 
at the thioester carbonyl carbon of the substrate^^. 

The genes encoding the 4-chlorobenzoate dehalogenase system (Figure 9) 
were reported to be chromosomal localized and organized in an operon in the 
fcbB (dehalogenase), (ligase), and fcbC (thioesterase) order^2 
organization in a second 4-chlorobenzoate-degrading Pseudomonas sp. strain 
DJ-12 was similar, however, with the addition of three new genes, localized 
inbetween fcbA and fcbC and supposedly responsible for 4-chlorobenzoate 
transport^2 Additional information on the genetic organization of 4- 
chlorobenzoate dehalogenase genes is available from an Alcaligenes sp. 
AL3007 and three Arthrobacter species (TMl, SU and FHP 1 )^^ 2 , 322 
the Alcaligenes operon shows a structure similar to that of above Pseudomonas 
strains, the structure in 4-chlorobenzoate degrading Arthrobacter strains is dif- 
ferent (Figure 9). All those strains contain at least one fcb gene cluster orga- 
nized in an fcbABC order, followed by an ORF probably encoding a 
4-chlorobenzoate transporter. The deduced protein sequences of the Arthrobacter 
4-chlorobenzoate dehalogenase genes share high sequence similarity (>97%, 
95% and 78% amino acid identity for FcbA, B and C, respectively), and are only 
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distantly related to the proteobacterial 4-chlorobenzoate dioxygenase (amino 
acid sequence identity of >47% and 43% for FcbA and FcbB, respectively, no 
significant similarity was observed between FcbC from Arthrobacter strains 
and from Proteobacteria). Despite the similar gene arrangement in proteobac- 
teria, FcbA and FcbC of strain CBS3 exhibit only low identity to the highly 
similar FcbA and FcbC of AL3007 (AF537222) and DJ-12^^. No rule can be 
drawn for the localization of 4-chlorobenzoate dehalogenase genes. They are 
obviously chromosomal encoded in strains CBS3, DJ12 and TMl, but plasmid 
encoded in strains AL3007 and 

Already early reports indicated, that chlorobenzoate hydrolytic dehalo- 
genating activity is restricted to 4-halosubstituted benzoates, and strain CBS3 
was shown to grow on 4-chloro- and 4-bromo- but not 4-fluorobenzoate^^^, 
indicating the nature of the halogen substituent also to be of importance for 
enzyme activity. Similarly, both 4-chloro- and 4-bromobenzoate and even 4- 
iodobenzoate were dehalogenated by cell extracts of Arthrobacter sp. 
indicating similar substrate specificity of the different dehalogenase enzyme 
systems. The substrate specificity determinants were later analyzed using the 
strain CBS3 dehalogenase system, which was also shown to be capable of 
dehalogenating 4-iodobenzoate^^^ The ligase was capable of transforming all 
4-halobenzoates with high rates^^^, whereas 2-halo- or 3-halobenzoates were 
not transformed. Differences in transformation were, however, observed for 
4-halobenzoyl-CoAs by FcbB. Whereas the chloro-, bromo-, and iodo-deriva- 
tives were transformed at high rates, the turnover rate for 4-fluorobenzoyl- 
CoA was five orders of magnitude lower^^^. Obviously, the formation of the 
arylated enzyme by halide elimination from the Meisenheimer complex is 
hindered in case of the 4-fluoro-derivative. The failure to effectively transform 
4-fluorobenzoate seems to be a common feature of the dehalogenase enzyme 
system of most organisms analyzed in this respect so far^^^’ However, 
Oltmanns et alP^ reported on mAureobacterium isolate capable of degrading 
4-fluorobenzoate via 4-hydroxybenzoate, but not capable of growing on 
4-chlorobenzoate. 



1 . METABOLISM OF CHLORINATED 
BICYCLIC AROMATICS 

7.1. Metabolism of Chlorobiphenyls 



Among chlorinated aromatics, the degradation of bicyclic compounds 
such as PCBs or chlorinated dioxins received special attention. A number of 
biphenyl-degrading organisms have been isolated and they are commonly 
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capable of transforming PCB congeners. These organisms belong to both 
Gram-negative and Gram-positive genera and comprise various Pseudomonas 
isolates (such as R pseudoalcaligenes KF707^^^, R putida KF715^^^, R putida 
OU83^^^, Pseudomonas sp. strain KKS102^'^) and catabolize biphenyl to ben- 
zoate and 2-hydroxypenta-2,4-dienoate via the so-called upper pathway con- 
sisting of four enzymes (Figure 10): biphenyl 2,3-dioxygenase (BphA), 

2.3- dihydro-2,3-dihydroxybiphenyl 2,3-dehydrogenase (BphB), 2,3-dihydroxy- 
biphenyl 1,2-dioxygenase (BphC), and 2-hydroxy-6-oxo-6-phenylhexa-2,4- 
dienoate hydrolase (BphD)^^. 

To a significant extent, the spectrum of PCB congeners that can be 
transformed by an organism is determined by the specificity of the biphenyl 

2.3- dioxygenase, the enzyme which catalyzes the first step in the upper path- 
way and which, as the toluene dioxygenase of R putida FI belongs to the 
toluene/biphenyl family of Rieske type non-heme iron dioxygenases. Studies 
on various biphenyl 2,3-dioxygenases have revealed considerable differences 
in their congener selectivity patterns, as well as their preference of the attacked 
ringSi, 165, 223, 334, 413 jhe different substrate specificities in these strains were 
due to relatively few differences in bphA, the gene coding the large subunit of 
the terminal biphenyl dioxygenase. Site-directed mutagenesis and gene 
shuffling methods were applied to construct enzymes combining the broad 
congener specificity of strain LB400 with increased activity against congeners 
oxidized especially by the strain KF707-dioxygenase^^’ 

Though certain PCBs serve as substrates for biphenyl dioxygenases, 
PCB-degrading organisms do not usually use PCBs as an energy source, but 
rather cometabolically catabolize the substrates. Not surprisingly, metabolites 
of the upper pathway may be formed as dead-end products^^’ 
Knowledge of metabolic activities of upper pathway enzymes downstream of 
biphenyl dioxygenase is of interest to further understanding of the capacity of 
upper pathways. As an example Seah et al?^^’ have shown that the bphD 
gene products of Burkholderia sp. strain LB400 and that of Rhodococcus 
globerulus strain P6 differ significantly in their kinetic properties for chlori- 
nated substrate derivatives, however, no detailed analysis has been performed 
thus far on other Pseudomonas derived enzymes. Significant differences were 
also observed in substrate specificities of bphC gene products. Usually, extra- 
diol dioxygenases involved in biphenyl degradation belong to the 1.3. A sub- 
family of extradiol dioxygenases^"^ and are specialized for transformation of 

2.3- dihydroxybiphenyls. Those enzymes differ in substrate specificity, but 
generally seem to be capable of transforming various chlorosubstituted deriv- 
atives^^’ A new class of single domain extradiol dioxygenases, thus far 
observed only in Sphingomonas^^^ and Rhodococcus strains^ however, 
has been shown to be specially adapted to the transformation of 2-chlorosub- 
stituted 2,3-dihydroxybiphenyls^^^’ Thus, interpretation of the potential for 
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transformation of PCBs may be complicated by the existence of isoenzymes. 
Bph genes are usually organized in gene clusters and have been localized on 
bacterial chromosomes^^’ plasmids^^^ and transposons^^^. Two major vari- 
ants of this gene clusters are known (Figure 10). Organisms like R putida 
KF715 contain a bphABCD gene cluster. In strain LB400, genes encoding 
a glutathione S-transferase and enzymes involved in the transformation of the 
C-5 compound released during hydrolysis of the ring-cleavage product to form 
benzoate are localized between bphC and bphD^^^ . A more detailed analysis 
on various biphenyl degrading isolates revealed that such an organization like 
in strain LB400 is not unique^^ but occurs also in R. eutropha H850^^, 
R pseudoalcaligenes KF707 and various Rseudomonas agarici, Rseudomonas 
oleovorans, Rseudomonas balearica and R putida isolates and thus seems to 
be widespread in Rseudomonas. The presence of similar genes in different 
strains implies that even the chromosomal bph genes possess or have used 
mechanisms for mobilization in other strains^"^^. 

Even though organisms degrading biphenyl usually only cometabolize 
chlorinated derivatives, microorganisms capable of mineralizing them have 
been obtained by judicious combination of pathway segments comprising 
the biphenyl upper pathway, a benzoate/toluate or 2-chlorobenzoate dioxyge- 
nase system and a chlorocatechol pathway^^"^’ usually by in vivo 

conjugative mating of appropriate strains. Among these, the hybrids B. cepacia 
JHR22 and Rseudomonas sp. UCR2 have been reported to grow on environ- 
mentally important 2-, 2,4- and 2,5-substituted PCB congeners 
Use of the Rseudomonas derived chlorobenzoate dehalogenase genes like 
4-chlorobenzoate dehalogenase resulted in highly efficient mineralization 
pathways, primarily due to circumvention of forming toxic chlorocatechols^"^^. 

7.2. Transformation of Biarylethers 

Studies by Cerniglia et al.^^ and Klecka and Gibson^^^’ using naph- 
thalene or biphenyl degrading Rseudomonas or Sphingomonas strains indicated 
that dibenzo-p-dioxin, dibenzofuran and chlorinated derivatives were trans- 
formed into dead-end products. The substrates were attacked, in analogy to the 
biphenyl or naphthalene transformation, at the lateral 1,2- and 2,3-positions, 
giving rise to dihydrodiols, which were subsequently dehydrogenated to 
dihydroxy-compounds, and, in case, subject to ring-cleavage (Figure 11). 
Whereas such a lateral dioxygenation is appropriate to initiate degradation of 
biphenyl, and naphthalene, various authors have shown that it is inappropriate 
for the degradation of biarylethers^^’ The analysis of the bacterial degra- 
dation of dibenzofiiran^®’ carbazole^^^ dibenzo-/?-dioxin^^^ and diphenyl 
ether^^’ revealed the presence of a novel mode of dioxygenation reaction for 
the aromatic nucleus, termed angular dioxygenation (Figure 11). Here, the 
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carbon bonded to the heteroatoms, and the adjacent carbon in the aromatic ring 
are oxidized. Angular dioxygenation of dibenzofuran, carbazole, dibenzo- 
/?-dioxin and diphenyl ether produces chemically unstable hemiacetal-like inter- 
mediates, which are spontaneously converted to 2,2',3-trihydroxybiphenyl, 
2'-amino-2,3-dihydroxybiphenyl, 2,2',3-trihydroxybiphenyl ether and phenol 
plus catechol, respectively (Figure 11). Thus, angular dioxygenation results in 




Diphenyl ether 





2'-Amino-2,3-dihydroxybiphenyl Anthranilate 




2,2',3-Trihydroxybiphenyl ether 




Figure 11. The metabolism of biarylethers and of carbazole. Top: Lateral dioxygenation of diben- 
zoftiran"^^ gives rise to dead-end product. Bottom: The angular dioxygenation of 3-carboxy- 
diphenly ether^^, diphenyl ether^^^ carbazole^* ^ dibenzofuran^® and dibenzo-p-dioxin^®* produces 
chemically unstable hemiacetal-like intermediates. Substituted biarylethers can be subject to 
different modes of angular dioxygenation 




542 



Dietmar H. Pieper and Walter Reineke 



the cleavage of the three-ring structure or diphenyl ether structure. 2 '-Substituted 
2,3-dihydroxybiphenyls formed by angular dioxygenation are further degraded 
by m^/a-cleavage and hydrolysis, as shown for the degradation of biphenyl, 
resulting in the formation of salicylate (from dibenzofuran)^^’ catechol 
(from dibenzo-/>-dioxin)^^^ or anthranilate (from carbazole)^^\ respectively 
(Figure 1 1). Thus, after angular dioxygenation, subsequent degradation pathways 
are homologous to the corresponding biphenyl degradation pathway. So far, only 
a few bacterial strains capable of catalyzing lateral dioxygenation, have been 
described, dominantly Pseudomonas, Sphingomonas and Terrabacter strains. 

The degradation of carboxybiphenyl ethers (or phenoxybenzoates) has 
been analyzed on the genetic level in R pseudoalcaligenes POB310. A dioxy- 
genase of the phthalate family (as shown for 3-chlorobenzoate 4,5-dioxygenase, 
which carries out a very similar kind of reaction) was shown to catalyze the 
angular dioxygenation^^ forming phenol and protocatechuate. Similar metabolic 
routes have been observed in two strains tentatively identified as Pseudomonas 
gp 367, 390 dioxygenase of strain POB310 transforms various halosubstituted 
and even dichlorosubstituted derivatives with high rates^^’ Chlorophenols 
accumulated as dead-end products, whereas protocatechuate was degraded via 
protocatechuate m^ra-cleavage. However, growth on chlorosubstituted ethers 
was not observed, even though one of the aromatic rings could theoretically be 
used as a carbon source. Mineralization of 3-(4-chlorophenoxy)-benzoate could 
be achieved after transfer of the dioxygenase genes into the 4-chlorophenol 
mineralizing strain B13^^^. 

Like phenoxybenzoate dioxygenase, various carbazole dioxygenases 
comprise an oxygenase of the phthalate family of Rieske-type non-heme iron 
oxygenases, however, the electron transport system is composed of a reductase 
and a ferredoxin. Carbazole dioxygenase a-subunits of Pseudomonas 
resinovorans CA10^^\ P stutzeri OMl^^\ Pseudomonas sp. K23 and 
Janthinobacterium sp. J3 are nearly identical, and highly homologous 
a-subunits (approx. 60% of sequence identity on amino acid level) were observed 
in Sphingomonas sp. strain KAl^^^ and Sphingomonas sp. GTNll^^"^. 
Completely different carbazole degradation genes, which are related closer to 
biphenyl catabolic genes were observed in Sphingomonas sp. strain CB3^^^. 
Like dibenzofuran dioxygenase a-subunits of Terrabacter sp. strain DBF63^^^, 
Rhodococcus sp. strain YK2 (AB070456), Terrabacter sp. strain YK3^'^'^ and 
S. wittichii RWl^, the respective a-subunits are more related to the 
toluene/biphenyl and naphthalene families of Rieske non-heme iron oxyge- 
nases. However, only the a-subunits of strain YK3 and DBF63 are highly sim- 
ilar (only 2 amino acid differed in a stretch of 359 deduced amino acids). 
To the current information, angular dioxygenases thus do not form a mono- 
phyletic group, but belong to four lineages inside the toluene/biphenyl and 
naphthalene families of Rieske non-heme iron oxygenases. Genes highly sim- 
ilar to these lineages have not been reported thus far in Pseudomonas strains. 
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even though some angular dioxygenase genes were reported to be localized on 
mobile elements^"^^. In contrast, carbazole dioxygenases of the phthalate fam- 
ily were frequently observed in Pseudomonas sp. and the gene products were 
shown to be capable of transforming dibenzofuran and dibenzo-p-dioxin^^^’ 
as well as chlorinated derivatives^ All strains analyzed in this aspect 
so far, share the capability to transform 2-chlorodibenzofuran and 2- 
chlorodibenzo-p-dioxin^^’ however, differences were observed both in 

regioselectivity of attack and substrate specificity for transformation of chlo- 
rinated derivatives (Figure 11). As an example, both the enzyme of strains 
DBF63 and CAIO catalyze exclusively a 5a,6-dioxygenation^^^, whereas 
the RWl enzyme catalyzes both 4,4a- and 5a,6-dioxygenation^^^. 2,7- 
dichlorodibenzodioxin is not transformed by the strain DBF63 enzyme^ and 
only with negligible rate by the strain RWl enzyme^^^, whereas it is a good 
substrate for the strain CAIO enzyme^ However, from the few reports avail- 
able so far, no general structure/function relationships can be deduced. 

A problem encountered during the degradation of dibenzofuran and chlo- 
rinated derivatives is the high instability of the trihydroxybiphenyl ring-cleavage 
products^ which give rise to their cycloisomerization products. Thus, an 
enzymatic hydrolysis to give salicylate has to compete against a spontaneous 
reaction, and only a balanced flux through the pathway will give rise to 
(chloro)salicylates. As an example, only cyclization products were observed to be 
formed from 2,8-dichlorodibenzofuran by strain RWl^^^, whereas high amounts 
of 5-chlorosalicylate were produced by strain DBF63. Strain CAIO cells pro- 
duced only slight amounts of chlorosalicylate even from 2-chlorodibenzofuran. 
Even though the CAIO dioxygenase obviously was of broader substrate speci- 
ficity than the DBF63 enzyme, catechols were not found to be formed from chlo- 
rinated dibenzodioxins. It was proposed that chlorinated trihydroxybiphenyl ether 
metabolites were not efficiently degraded by the carbazole upper pathway 
enzyme. Thus, the carbazole enzymatic system seems to be appropriate for 
chlorodibenzofuran and chlorodibenzodioxin depletion, however, in contrast to 
dioxin/dibenzofuran metabolic pathway enzymes, it seems to be inappropriate for 
further metabolism of the formed trihydroxybiphenyl derivatives^ 



8. ANAEROBIC DEGRADATION OF 
HALOAROMATIC COMPOUNDS 

BY Pseudomonas 

Many chloroaromatics serve as carbon and energy source for aerobic 
bacteria. Diverse dechlorination mechanisms exist either pre- or post-ring 
cleavage, including hydrolytic, reductive and oxygenolytic mechanisms^^®. 
Several of these steps were found to be spontaneous in nature, that is, the 
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enzymes convert a chlorinated substrate to an unstable product, thereby elim- 
inating the chlorine substituent. Other dechlorination reactions were catalyzed 
by dehalogenases. Overall much biochemical data concerning the aerobic 
degradation of chloroaromatic compounds are available. 

In contrast, the biochemical mechanisms involved in the anoxic dechlori- 
nation of chloroaromatic compounds are largely unknown. It is known since more 
than one decade that chloroaromatics can function as an alternative electron 
acceptor in a type of anaerobic respiration^^^’ Several anaerobic bacteria, most 

dominantly Dehalococcoides^’ or Desulfitobacteria™ have been identified 
as being able to reductively dehalogenate chlorinated benzoates, benzenes, 
biphenyls and dioxins and to couple this reaction to the synthesis of ATP via a 
chemiosmotic mechanism. 

However, anaerobic degradation of chloroaromatics not necessarily needs 
to be coupled to dehalorespiration. Anoxic microbial degradation of chloroaro- 
matics was shown to take place with various electron acceptors such as nitrate, 
ferric ion, sulfate or carbon dioxide. The capability of denitrification is spread 
among Pseudomonas, and various dehalogenating enzymes described above 
(such as the 4-chlorobenzoate dehalogenase system) do not require oxygen and 
thus can function under anaerobic conditions, such that the observation of 
Pseudomonas degrading chloroaromatics under anaerobic conditions would not 
be surprising. Actually, the establishment of the Pseudomonas sp. CBS3 
derived 4-chlorobenzoate dehalogenase genes in Thauera aromatica Tl, which 
is capable of degrading toluene and 4-hydroxybenzoate under denitrifying con- 
ditions, resulted in a derivative mineralizing 4-chlorobenzoate anaerobically^^. 

Under denitrifying conditions, 2-fluoro- and 3-fluoro- as well as 3- 
chloro- and 4-chlorobenzoate can readily be degraded^ Several bacterial 
strains capable of growing at the expense of aromatic compounds under deni- 
trifying conditions have been assigned to the gQWQXdi Azoarcus and Thauera^^’ 
and those organisms were assumed to be important for anaerobic toluene 
degradation in situ^^^. Members of these genera were also reported to be capable 
of degrading chloro- and fluorobenzoates under denitrifying conditions^ 

More detailed analyses showed, however, that the capability to degrade 
halobenzoates under anoxic conditions is spread among the proteobacteria, 
and various Pseudomonas strains most closely related to P stutzerfi^^’ 
degrading 2-fluoro- and 4-fluoro- as well as 3-chlorobenzoate have been 
isolated. Evidently, P stutzeri strains are of high importance for halobenzoate 
degradation under natural conditions. However, the mechanisms of haloben- 
zoate degradation under denitrifying conditions have not been elucidated yet. 
Previous work^^"^ had suggested that 2-fluorobenzoate dehalogenation occurs 
from the CoA-derivative by a fortuitous reaction, and in Rhodopseudomonas 
palustris, 3-chlorobenzoate degradation via reductive dehalogenation of 
3-chlorobenzoyl-CoA to benzoyl-CoA was proposed^^. In general, the 
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enzymes involved in anaerobic degradation of haloaromatics by pseudomonads 
remain to be elucidated. 



9. IMPORTANCE OF Pseudomonas STRAINS 
FOR CHLOROAROMATIC DEGRADATION 
IN SITU 

The frequent isolation of Pseudomonas strains capable of degrading 
chloroaromatics seems to indicate that they are of importance for degradation 
also under environmental conditions. However, various catabolic pathways for 
chloroaromatics are plasmid encoded, and gene transfer occurs under environ- 
mental conditions. Different plasmids and mobile elements, specifically 
involved in the degradation of chlorobenzoate, 2,4-D or chloroaniline have 
been examined for their transfer under natural conditions and transconjugants 
receiving the plasmids have been characterized. Catabolic plasmids involved 
in 2,4-D degradation usually encode the whole set of enzymes necessary for 
transformation of 2,4-D into 3-oxoadipate, and thus transconjugants should be 
capable of efficiently expressing those genes. Generally it seems that the type 
of species recovered might have been inherent to the environment that pro- 
vided the selection pressure. Selection advantages might be capabilities to 
maintain in biofilms or nutrient scavenging capabilities. In a detailed study on 
two horizons from an agricultural soil inoculated with a P. putida harboring 
one of two distinct catabolic plasmids, pJP4^^ or pEMTl^^^, changes in the 
community due to proliferation of transconjugants were observed^^, and a 
detailed phylogenetic analysis of these transconjugants showed that the plas- 
mids were preferentially acquired and expressed in soil by representatives of 
Ralstonia and Burkholderia. Stenothrophomonas transconjugants were 
observed when easily degradable carbon sources were added together with the 
plasmid-bearing donor strain^®^, however, none of the 95 isolates could be 
identified as Pseudomonas. Similarly, Burkholderia and Ralstonia transconju- 
gants, but no Pseudomonas could be isolated after bioaugmentation of pJP4 
donor strains into a sandy loam soiP^^. 

Other studies examined strain collections. Among 18 unique 2,4-D 
degraders, strains belonging to members of the a, (3 and 7 subgroups of the pro- 
teobacteria were identified, with isolates mainly characterized as Burkholderia, 
Ralstonia and Sphingomonas, but Pseudomonas was not isolated^^^ A similar 
strain collection was described by Vallaeys et al?^^. From accumulated evi- 
dence it thus seems that 2,4-D degradation among easily culturable organisms 
is more spread among Ralstonia and Burkholderia strains than among 
Pseudomonas strains. However, those studies depend on the environment 
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analyzed. Subsurface aquifers constitute environments that are physically, 
chemically and biologically very different from surface soils with reduced con- 
centration and availability of oxygen, carbon and nutrients and lower bacterial 
densities^^^. The continuous exposure of such aquifers to chlorinated phenoxy- 
acetic acid herbicides has been shown to result in changes in the community 
composition and an increased abundance of Pseudomonas^^. Even though only 
1 out of 50 Pseudomonas had the capability to mineralize 2,4-D, an important 
role of Pseudomonas on 2,4-D metabolism in situ was suggested. It is also 
known that rhizosphere bacteria such as fluorescent Pseudomonas sp. are eco- 
logically adapted to colonize and compete in the rhizosphere environment. 
Expanding the metabolic functions of such pseudomonads to degrade pollu- 
tants may prove to be a useful strategy for bioremediation^^. 

Even though Pseudomonas sp. strain B13 was isolated as a host of the 
clc element, in inoculation experiments into natural ecosystems, the element, 
like tfd genes, ended up in strains belonging to the genus Ralstonia or related 
(3-proteobacteria like Comamonas^^^^ This was assumed to indicate that 
the clc genes are most efficiently expressed in strains belonging to those 
genera rather than in fluorescent pseudomonads. However, additional factors, 
compared to 2,4-D degradation govern the acquisition and spread of a 
3-chlorobenzoate-degrading phenotype in nature. 3-Chlorobenzoate is acti- 
vated by a chromosomal encoded benzoate dioxygenase and dehydrogenase by 
organisms harboring chlorocatechol genes. Thus, properties of the chloroben- 
zoate dioxygenase system of possible recipient strains can be regarded as 
selectivity factor^ ^ Actually, Pseudomonas strains were obviously frequent 
among 3-chlorobenzoate-degrading isolates harboring a chlorocatechol 
or^/io-cleavage pathway^^^’ 

However, another level of complexity regarding the degradation of 
chlorobenzoates is the existence of diverse pathways capable of achieving min- 
eralization (Figure 12). Degradation of chlorobenzoates can occur via chloro- 
catechol {clc pathway), via hydrolytic dehalogenation of 4-chlorobenzoate to 
give 4-hydroxybenzoate {fcb pathway)^^^, via dioxygenolytic dehalogenation of 
3-chlorobenzoate to give 5-chloroprotocatechuate^^^ and probably via a fourth 
pathway with gentisate as an intermediate (gp-pathway)^^^’ Recent studies 
have indicated that bacteria isolated from hypoxic habitats appear to have 
adapted metabolic routes for the degradation of aromatic compounds such that 
accumulation of toxic intermediates is avoided, and respective toluene-degrading 
Pseudomonas strains^^^ harbored catechol dioxygenases with improved affinity 
for oxygen. Similarly, the archetype of the gentisate pathway for chlorobenzoate 
degradation {Alcaligenes sp. strain L6) was enriched under oxygen-limiting con- 
ditions^^^. Obviously, bacteria harboring last mentioned pathway possessed rel- 
atively low growth rates on 3-chlorobenzoate and benzoate along with relatively 
high substrate and oxygen affinities for these compounds^^^. This is in contrast 
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Figure 12. Diversity of pathways for 3-chloro- and 4-chlorobenzoate degradation. Pathways with 
chlorocatechol^^, (chloro)protocatechuate^^^’ and gentisate have been reported. 



with bacteria harboring the clc pathway, which seemed to be characterized by 
high maximum specific growth rates on the aromatic substrates and relatively 
high apparent half saturation constants. Thus, it was assumed that bacteria 
degrading chlorobenzoate via gentisate or protocatechuate might possibly be 
better adapted to conditions leading to growth at reduced rates such as low oxy- 
gen and low substrate concentrations. Evidently, the different pathways were 
observed to be spread in different taxa, and Pseudomonas sp. were observed to 
harbor clc genes, whereas Bordetella md Alcaligenes sp. were dominant among 
those of the gp-pathway^^^. Evidently, such clustering is due to the general 
genetic equipment of the organisms. However, gentisate dioxygenase genes were 
observed in different P aeruginosa isolates^^^ and in the genome of P aeruginosa 
PA01^^\ but not in the genome of P putida KT2440. Whereas a degradative 
pathway of chlorobenzoate via gentisate has not been analyzed in great detail, 
the pathway via protocatechuate has been elucidated and the crucial chloroben- 
zoate dioxygenase was analyzed also on the genetic level. The host range of 
cbaAB genes for 3 -chlorobenzoate 4,5-dioxygenase has been analyzed both in 
defined mating experiments as well as by analysis of transconjugants^^’ 
formed under environmental conditions. Transconjugants were dominantly 
belonging to the P-proteobacteria, but also some Pseudomonas transconjugants 
were observed. However, those transconjugants dominantly formed 3-chlorocat- 
echol from 3-chlorobenzoate, indicating an active benzoate 1,2-dioxygenase to 
be interfering with 3-chlorobenzoate 4,5-dioxygenase^^’^^^ Moreover, 5-chloro- 
protocatechuate accumulated, indicating that protocatechuate 3,4-dioxygenase 
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cannot adequately deal with this metabolite. In contrast, mineralization of 
3-chlorobenzoate was observed in organisms harboring a protocatechuate 4,5- 
dioxygenase, enzymes that can dehalogenate 5-chloroprotocatechuate^^^. Thus, 
the host range of the cbaAB genes can be correlated with the distribution of the 
protocatechuate m^^a-ring-fission pathway^'^^ Hosts of the fcb genotype were, 
in contrast, mainly Pseudomonas^^^, which correlates with the capability of 
Pseudomonas to mineralize 4-hydroxybenzoate. 



10. MICROBIAL COMMUNITIES 

Although much information on metabolic pathways within individual 
organisms is available, little is known about the pathways operating in natural 
communities in which extensive sharing of nutritional resources is the rule. 
The most simple model systems are those involved in the degradation of 
bicyclic aromatics. Chlorinated biphenyl, dibenzofurans and dibenzo-p- 
dioxins, by most organisms isolated thus far, are not completely mineralized, 
but usually one aromatic ring is degraded, with the concomitant excretion of 
chlorobenzoates, chlorosalicylates or chlorocatechols^'^^’ Defined 

mixed cultures have been described, which are capable^’ of mineralizing 
chlorinated bicyclic compounds, and dominantly. Pseudomonas strains were 
introduced to achieve mineralization of the second ring. 

Such a complete mineralization is desired, as substrate misrouting can 
result in the formation of toxic intermediates such as protoanemonin^^. A rapid 
decline in cell viability of different PCB-metabolizing organisms was observed 
in soil microcosms amended with 4-chlorobiphenyl^^^. The toxic effect was due 
to protoanemonin formed from the transformation of 4-chlorobiphenyl by the 
natural microflora^^. Addition to soil microcosms of Pseudomonas strains able 
to reroute intermediary 4-chlorocatechol from the 3-oxoadipate pathway into 
the me^a-cleavage pathway or able to mineralize 4-chlorocatechol by a modi- 
fied or^/zo-cleavage pathway resulted in reversal of this toxic eflfect^^. A second 
group of intermediates of high toxicity are chlorocatechols^^^. If produced during 
metabolism, those compounds are highly toxic and can kill the producing 
organism^^\ explaining why microorganisms grow on chloroaromatics, only 
when they harbor a balanced activity of chlorocatechol producing and consuming 
activities^^^’ 

Thus, under environmental conditions, communities will be important, 
where the different community members share their tasks. A respective model 
community consisting of four members, among them two Pseudomonas sp., 
and together capable of mineralizing a simple chloroaromatic, 4-chlorosalicy- 
late, has recently been described^^®. Only one of the community members, an 
Alcaligenes strain, harbors a chlorocatechol pathway, but this organism only 
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represented 10% of the community and was supposed to degrade chlorocate- 
chols excreted by the dominant community member Pseudomonas MIL Both 
Pseudomonas MTl and MT4 do not contain any known chloroaromatic degra- 
dation pathway. It seems thus, that metabolic and physiological weaknesses of 
primary degraders of xenobiotics maybe effectively compensated for by 
recruitment of other organisms with appropriate complementary physiology 
However, such interactions will be overseen if only primary degraders are 
analyzed. Thus, the actual importance of Pseudomonas strains for degradation 
of chloroaromatics maybe higher than suggested just from analysis of the 
composition of primary degraders. 



11. OUTLOOK 

In this chapter we have been concerned with drawing together informa- 
tion from a variety of sources to illustrate the current state of knowledge on 
microbial degradation of chloroaromatic compounds. It was difficult to restrict 
this overview to Pseudomonas sp., as the actors in the processes. Closely 
related organisms, often formerly misclassified Pseudomonas sp., but also 
Gram-positive organisms, specifically Rhodococci, are known to be able to 
grow with chloroaromatic compounds. Even though Pseudomonas sp. are 
without doubt important for chloroaromatic degradation, as Pseudomonas are 
found in large numbers in different natural environments (soil, freshwater, 
marine) as well as in association with plants and animals, the fact that various 
catabolic genes are located on mobile elements enables numerous environ- 
mental organisms to integrate such foreign DNA. New molecular ecology 
tools, such as the combination of fluorescent in situ hybridization (to identify 
single bacteria in communities) with microautoradiography^^^ or stable iso- 
tope probing (the incorporation of labeled substrate in taxonomically relevant 
molecules such as 16S rRNA to identify active populations)^^ ^ will in the next 
years significantly advance our understanding on degradation of chloroaro- 
matic compounds under environmental conditions. 

Also it becomes more and more evident, that bacteria in the environment 
fight against each other^^, work together (carbon sharing)^^’ or even built 
their own houses (clay hutches)^^^, or cities (biofilms)^"^^’ Bacteria in the 
environment are thus not simply the addition of diverse species but interacting 
communities. Understanding chloroaromatic degradation in the environment 
and the impact of Pseudomonas thus necessitates the understanding of these 
complex community interactions. However, these are, without doubt, signifi- 
cantly shaped by metabolic interactions^"^^, such that an understanding of 
enzyme mechanisms, substrate misrouting and metabolic flux is a prerequisite 
to understand community interactions. Thus, analysis of single organisms or 
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simple model communities is still necessary. This is underlined by the still 
accumulating knowledge on new enzymes^^, enzyme mechanisms^"^^ and path- 
ways for chloroaromatic degradation^^^, specifically under anaerobic condi- 
tions^^. Nevertheless, it is clear, that various degradation processes escape our 
knowledge when using classical microbiological strategies. Analysis of the 
bacterial meta-genome (the genetic information of entire microbial communi- 
ties) is still in its infancy, but a powerful tool for exploring soil microbial diver- 
sity207, 301 enzymes important for chloroaromatic degradation still 

await to be discovered. 
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1. INTRODUCTION 

Nitroaromatic compounds, though rare in nature, are versatile and 
favored tools of the synthetic chemist and became widely distributed in the 
biosphere after the advent of the industrial revolution. Compounds such as 
nitrobenzene (NB) consistently rank among the most commonly used indus- 
trial chemicals in the world, because it is the gateway to the production of 
aniline and thus to dyes, resins, inks, and rubber. Dinitrotoluene (DNT) is 
similarly the precursor to toluenediisocyanate which in turn is the major 
monomer used to manufacture polyurethane foams, elastomers, and coatings. 
2,4,6-Trinitrotoluene (TNT) became the most widely used military explosive 
in the world shortly after the development of practical methods to manufacture 
substantial quantities of the explosive. Other nitroaromatic compounds have 
gained widespread use as pesticides and herbicides. 

The sudden addition of nitroaromatic compounds to the biosphere pro- 
vided the indigenous microbial populations with new sources of carbon, nitro- 
gen, and electron acceptors. But the bacteria had to adapt and develop new 
catabolic pathways before the novel substrates could be exploited for growth. 
Pseudomonads are opportunistic bacteria characterized by metabolic flexibility, 
the ability to acquire and incorporate foreign DNA, and a large genome to 
provide the necessary raw materials for recruitment and evolution of new path- 
ways. During the past half-century, a number of pseudomonads with the ability 
to grow on nitroaromatic compounds have been isolated from soils and ground 
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water contaminated with nitroaromatic compounds (Table 1). The challenge for 
bacteria has been to overcome the electron-withdrawing capacity of the nitro 
group and break the aromatic ring. The more highly nitro-substituted the 
benzene ring, the more recalcitrant the nitroaromatic molecule is to attack by 
the oxygenase enzymes that are typically involved in aerobic degradation of 
aromatic compounds^ 

As our detailed knowledge of bacterial catabolism of nitroaromatic 
compounds has increased, it has become apparent that there are several recur- 
ring themes among the mechanisms that account for most of the initial steps 
in the aerobic catabolic pathways (Figure 1). The themes can be summarized 
as: (a) partial reduction of the nitro group followed by rearrangement, 
(b) reduction of the aromatic ring, and (c) ring hydroxylation with the release 
of nitrite. To date only aerobic or microaerophilic bacteria are known to use 
nitroaromatic compounds as growth substrates. 

The chemistry of the nitro group allows facile reduction either by 
nitroreductases or abiotic reduction by a variety of electron donors including 
metals. Reductive reactions can take place either aerobically or anaerobically. 
Nonetheless, because nonspecific reduction provides little selective advan- 
tage, bacteria that mineralize or grow on nitroaromatic compounds via 
reductive pathways do so aerobically. The reductive pathways that lead to 
mineralization stop short of the amine at the hydroxy lamino intermediate. 
Then either a mutase or a lyase transforms the hydroxylamino compound to an 
aminophenol or a dihydroxy compound. In contrast, bacteria that use nonspe- 
cific nitroreductases to reduce nitroaromatic compounds to aminoaromatic 
compounds accumulate the amines as dead end metabolites. 

Reduction of the aromatic ring leading to the formation of a 
Meisenheimer complex is the initial reaction in the degradation of di- and 
trinitrophenols. Meisenheimer complexes have also been reported for TNT, 
but formation of the TNT-Meisenheimer complex does not then lead to 
mineralization. 

Monooxygenases typically catalyze the replacement of the nitro group 
of simple nitrophenols by a hydroxyl group. Dioxygenases catalyze the initial 
attack on nonpolar mono- and dinitroaromatic compounds. Regardless of the 
initial mode of attack, the subsequent degradation pathways generally involve 
meta-xm% cleavage catalyzed by dioxygenases. For mononitroaromatic com- 
pounds, the lower pathways are often the familiar pathways known from degra- 
dation pathways for the simpler aromatic compounds. For di- and 
trinitroaromatic compounds, more unusual pathways have evolved to deal with 
the additional nitro groups. 

Pathways for degradation of novel compounds, including nitroaro- 
matic compounds, arise through well-recognized processes of gene transfer, 
genetic mutation, and recombination and transposition. A number of reviews 
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Figure 1. Mechanisms for the biodegradation of nitroaromatic compounds. A. Monooxygenation, B. dioxygenation, C. hydride- 
Meisenheimer formation, D. reduction to the amine, E. partial reduction followed by intramolecular rearrangement by a lyase, 
and E partial reduction followed by intramolecular rearrangement by a mutase. 
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deal with both general and specific aspects of the evolution of catabolic 
pathways^’ Specific instances where we have 

some understanding of the evolution of pathways for the degradation of 
nitroaromatic compounds will be discussed throughout this chapter. 



2. MECHANISMS AND PATHWAYS FOR 
CATABOLISM OF NITROAROMATIC 
COMPOUNDS 

The mechanisms for the initial attack on nitroaromatic compounds 
briefly introduced above will be described in more detail and illustrated with 
examples of pathways elucidated in pseudomonads. Comprehensive reviews 
of biodegradation and biotransformation of nitroaromatic compounds by all 
microorganisms can be found in recent books^"^^’ and elsewhere^ 

2.1. Reduction of Nitro Groups 

Nitroreductase enzymes catalyze the reduction of nitro groups in bacte- 
rial systems. Complete reduction proceeds stepwise via either 1 -electron or 
2-electron reduction through nitroso and hydroxylamino intermediates to an 
amine^^’ With few exceptions, reduction of the nitro group stops at the 
hydroxylamino level in the productive aerobic pathways. At that point the 
pathways diverge and the next reactions are rearrangements catalyzed by a 
mutase, or by a lyase. Reduction only to the hydroxylamine has been explained 
in terms of the thermodynamic properties of a nitroreductase from 
Enterobacter cloacae^^. Reduction to the level of the amine is predominantly 
catalyzed by nonspecific nitroreductases under cometabolic and, often, anaer- 
obic conditions. Such nonspecific nitroreductases whose physiological func- 
tions are unknown, but are probably quinone reductases, are widespread 
among the pseudomonads^^^. Although reduction of the nitro group to the 
amine is frequently cited as a mechanism for making nitroaromatic com- 
pounds less toxic, the reactive intermediates are toxic, mutagenic, and 
carcinogenic^^’ The free radicals that have been implicated in the toxic 
effects can be produced either directly during 1 -electron reduction, or indi- 
rectly by mild reduction of nitroso intermediates^^. The reductive degradation 
pathways used for growth on nitroaromatic compounds include enzymes that 
rapidly remove the products of the nitroreductase-catalyzed reactions so that 
partially reduced reactive intermediates never accumulate. 

Facile reduction of the nitro group is attributed to its high 
electronegativity^^^. In general, more nitro groups on the aromatic ring make 
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compounds more readily reduced. Conversely, more amino groups make 
compounds more difficult to reduce. Therefore, the reduction of one or two 
nitro groups on a polynitroaromatic compound might take place under aerobic 
conditions, but reduction of three nitro groups only proceeds under strictly 
anaerobic conditions^^^. 

2.1.1. Nitrobenzene Degradation via a Mutase Catalyzed 

Bamberger Rearrangement 

Nitrobenzene is the simplest of the nitroaromatic compounds, yet the 
degradation pathway has proved to be one of the most interesting. The proto- 
typical pathway for partially reductive degradation of NB was discovered in 
Pseudomonas pseudoalcaligenes JS45^^^. The initial attack on the nitro group 
is catalyzed by a specific NB nitroreductase. The molecule is reduced to 
nitrosobenzene, then in turn to hydroxylaminobenzene. The key enzyme in the 
pathway is a mutase that converts hydroxylaminobenzene to 2-aminophenol 
via a Bamberger-like intramolecular rearrangement. A m^^a-ring cleavage 
yields 2-aminomuconic semialdehyde which is oxidized to 2-aminomuconic 
acid^^ Deamination yields 4-oxalocrotonic acid which is degraded to pyruvate 
and acetaldehyde (Figure 2). The same NB degradation pathway operates in 
Pseudomonas putida HS12^^^ and Pseudomonas sp. JX165^^^. A pathway in 
Pseudomonas sp. AP-3 for 2-aminophenol degradation has been well charac- 
terized^’ 152-154 Analogous initial reactions are involved in the degradation of 
more substituted nitroaromatic compounds including: 2-nitrobenzoate by 
Pseudomonas jluorescens 3-nitrophenol hyP. putida 2NP8^^^’ and 

Ralstonia eutropha JMP134i^^, l-chloro-4-NB by comamonad strain LWl^^, 
and 4-nitrotoluene by Mycobacterium sp. HL-4-NT-l^^^. 

The first three enzymes of the pathway were unusual and were, therefore, 
investigated in detail. NB nitroreductase from JS45 was the first of the enzymes 
to be purified and characterized^"^^ and remains the only NB nitroreductase puri- 
fied to date. The flavoprotein NB nitroreductase reduces the nitro group of a 
variety of nitroaromatic compounds to the corresponding hydroxylamino com- 
pounds^^’ In addition to the specific NB nitroreductase, there is also evidence 
for nonspecific nitroreductases in P. pseudoalcaligenes JS45 that can reduce 
nitro groups to the amine, but the activities are much lower^^. nbzA, the gene that 
encodes NB nitroreductase, has recently been cloned, but the sequence has not 
as yet been published (Zylstra, personal communication). nbzA from P. putida 
HS12 (Table 2) is carried on a plasmid that also carries the 2-aminophenol 
degradation operon, but not the hydroxylaminobenzene mutase^^^’ The 
nitroreductase from JS45 is induciblei^^, but the activity appears to be constitu- 
tive in HS12i^®. The explanation of the difference in the regulation in the two 
strains awaits further investigation. NbzA is distantly related to other flavoprotein 
reductases^^ but the immediate progenitor is unknown. 
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Figure 2. Partial reductive pathways for NB and 2-nitrobenzoate proceed via mutase catalyzed rearrangements. Genes indicated 
are from P. pseudoalcaligenes JS45. 
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The mutase that converts hydroxylaminobenzene to 2-aminophenol is 
the key enzyme in the pathway. It transforms a potentially reactive intermediate 
into a compound that can be degraded via a well organized and conserved 
pathway H 2^^0 studies have shown that the intramolecular rearrangement 
shifts the hydroxyl group from the hydroxylamino moiety to an ortho position 
on the aromatic ring^^’ (Figure 3). Detailed investigation of the mechanism 
is hampered by the lack of purified enzymes. The mutase from JS45 is active 
against a variety of ortho-, meta-, and />ara-substituted hydroxylaminoben- 
zenes^^’ The mutases described to date^^’ generally catalyze 

the production of or^/?o-aminophenols from their physiological substrates and 
various substituted hydroxylaminobenzenes. The mutase from the 3-nitrophenol 
degrading bacterium, R. eutropha JMP134, is an exception^^^. The JMP134 
mutase converts its physiological substrate to an or^/?o-aminophenol, but 
converts hydroxylaminobenzene to both A- and 2-aminophenol, in a 1.7: 1 
ratio^^^. A mechanism to explain the different outcomes has been proposed^^^. 
A mutase from another 3-nitrophenol degrading bacterium, E putida 2NP8, 
also catalyzes the conversion of the hydroxylaminobenzene to both 
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R = H, OH, COCH3 
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Figure 3. Intramolecular rearrangements catalyzed by A. mutases and B. lyases (see next sec- 
tion). Substrates for hydroxylaminomutases are: hydroxylaminobenzene, 3-hydroxylaminophenol, 
4-hydroxylaminobenzoate, 4-hydroxylaminobiphenyl ether, and hydroxylaminoacetophenones. 
Hydroxylaminolyase catalyzes rearrangements of hydroxylaminobenzene and 4-hydroxy- 
laminobenzoate. 
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4- and 2-aminophenol^^^’ but there is no information on the products of 
conversion of the physiological substrate, 3-hydroxylaminophenol. It is tempt- 
ing to speculate that the two mutases are related, but the mutase from 2NP8 
requires thorough characterization before any detailed comparison can be 
made. The authors also present a novel pathway for release of ammonia^^^, but 
the scheme is based entirely on intermediates derived from other nitroaromatic 
compounds and not from any detected during 3-nitrophenol degradation. 

The habA and habB genes from R pseudoalcaligenes JS45 have been 
cloned and expressed in Escherichia colf^. Both the genes encode proteins 
that catalyze the same intramolecular rearrangement^^^, however only the 
HabA protein is expressed in the wild-type P pseudoalcaligenes JS45^^. The 
HabA and HabB proteins differ significantly in size, thermostability, and 
predicted isoelectric point and are 44% identical. The only other mutase to be 
thoroughly characterized to date is the mutase from R. eutropha IMP 134^^^. 
It is a soluble protein several times larger than the HabA and HabB proteins 
from JS45, and with a much lower isoelectric point. The physical differences 
seem to underlie the differences in the reactivities of the mutases, but until 
more mutases are characterized, conclusions must be drawn with caution. 

2-Aminophenol 1,6-dioxygenase catalyzes meta-xing cleavage of 
2-aminophenol to form 2-aminomuconic semialdehyde. The subsequent 
steps in the pathway are essentially identical to those for 2-aminophenol 
degradation in Pseudomonas sp. AP-3^’ ^^^-154 converge with the path- 
way for 2-nitrobenzoate degradation in P fluorescens There is sub- 

stantial similarity among the genes for the NB, 2-aminophenol, and 
2-nitrobenzoate pathways (Table 2). The biochemistry is analogous to the 
catechol me^a-cleavage pathway but the homology of the genes is more dif- 
ficult to establish^^. Selected enzymes have been purified only from JS45 
and AP-3, and although extensive characterization is lacking for many of 
them, the overall similarities of the enzymes from the two pathways are strik- 
ing. For the most part, the size of the native proteins and subunits from the 
two bacteria are very similar. The greatest difference appears to be between 
the 2-aminomuconate deaminases, the enzyme from JS45 is a homohexamer 
whereas that from AP-3 is a homotetramer, although the subunit sizes are 
very similar at 16.6 and 16 kDa. No conclusions can be drawn as to the 
meaning of this difference because of the lack of functional characterization 
of the enzyme from AP-3. 

The 4-oxalocrotonate decarboxylase and 2-oxo-4-pentanoate hydratase 
have only been purified from AP-3^^^. The enzymes co-eluted through all 
purification steps and formed a complex at a constant ratio of 1:1. The mass 
of the native complex was 300 kDa. A similar complex of the two enzymes 
was purified from bacteria containing the TOL plasmid pWWO^^. Separation 
of the enzymes was only achieved by purification from clones. 
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Evolution of the NB degradation pathway has recently been reviewed^^. 
The pathway appears to have been assembled from three separate sources. The 
NB nitroreductase, the hydroxylaminobenzene mutase, and the 2-aminophenol 
pathway have been recruited and assembled into a pathway. The best under- 
stood portion of the pathway is the 2-aminophenol degradation operon. 
The genetic organization is identical for the three pathways for which the 
genes have been completely sequenced in the 2-aminophenol-degrading 
Pseudomonas sp. TW-3, the NB-degrading R putida HS12, and in the 
2-nitrobenzoate-degrading R fluorescens KU-7. The existence of a highly 
evolved system for degradation of 2-aminophenol can perhaps be attributed to 
long-term microbial exposure to naturally occurring 2-aminophenol^^ as well 
as more recent intensive selection pressure from industrial use. The genes that 
encode NB nitroreductases from R pseudoalcaligenes JS45 and R putida 
HS12 have been sequenced and share high identity with each other but are not 
closely related to other nitroarene nitroreductases. How they came to be 
recruited into their respective pathways is unknown. The hosts were isolated 
from widely separated geographic locales, and in JS45 the gene is chromoso- 
mally encoded, whereas in HS12 the gene is carried on a plasmid. The phylo- 
genies of the hydroxylaminobenzene mutases from the two NB-degrading 
strains are equally problematic. They share close identity only with each other, 
the non-coding habB mutase gene from JS45 and two other unknown open 
reading frames identified from Mycobacterium and Novosphingobium 
genomes. In both JS45 and HS12, the hydroxylaminobenzene mutase gene is 
in a separate operon from the nitroreductase gene and the genes of the 
2-aminophenol degradation pathway. In HS12, the mutase gene is on a sepa- 
rate plasmid from all other genes for NB degradation. Regulation of the path- 
ways is not yet understood. 

2.1.2. 4-Nitrotoluene and 4-Nitrobenzoate Degradation via 

Hydroxylaminolyase 

Partial reduction to the hydroxylamino level followed by rearrangement 
and ring-cleavage was first reported for degradation of 4-nitrobenzoate by 
Comamonas acidovorans NBA- 10'^'^’'^^. The rearrangement step is catalyzed by 
a hydroxylaminolyase with the addition of a hydroxyl group from water and the 
loss of ammonia (Figure 4). The pathway has since been found in Comamonas sp. 
1847"^^, Burkholderia cepacia PB4^^^"^^^, Ralstonia paucula SB4^^"^, Ralstonia 
pickettii YH105^^^ and P. fluorescens 410PR^^^. Pathways for 4-nitrotoluene 
degradation via 4-nitrobenzoate were described in P. putida TW3^^\ and in 
Pseudomonas sp. 4NT^^. The initial attack on 4-nitrotoluene involves oxidation 
of the methyl group in a series of reactions analogous to those of the TOL path- 
way to form 4-nitrobenzoate. Indeed the upper pathway enzymes of the TOL 
pathway will convert 3- and 4-nitrotoluene to the appropriate nitrobenzoic 




HOOO HQVN +QVN o=OH HQVN +QVN hO^HO +(d)aVN H(d)OVN ^hO 




Figure 4. Degradation of 4-nitrobenzoate, 4-nitrotoluene, and 3-nitrophenol (inset) via a hydroxylaminolyase catalyzed rearrangement. 
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acids^^’ and a hybrid pathway to degrade 4-nitrotoluene via 4-nitrobenzoate 
has been constructed by moving the TOL plasmid into R fluorescens 410PR^^^. 
The only pathway with a hydroxylaminolyase that does not involve 4-nitroben- 
zoate is a pathway proposed for the degradation of 3-nitrophenol in R putida 

(Figure 4, inset). 

Hydroxylaminolyases and hydroxylaminobenzene mutase are able to 
catalyze the formation of hydroxy aromatic compounds without the involve- 
ment of molecular oxygen^^^ Intermolecular rearrangement mechanisms were 
originally proposed to account for the observation^®^’ An H2^^0 study with 
HabB from JS45 cloned into E. coli unequivocally showed the involvement of 
an intramolecular rearrangement^^. The mechanism by which hydroxyl- 
aminolyases effect the rearrangement of hydroxylaminobenzenes is still not 
completely understood, but the major question of whether the rearrangement 
involved is intramolecular or intermolecular has recently been resolved with 
additional H 2^^0 studies^®^. 

Both enzymes appear to catalyze an initial intramolecular rearrangement 
in which the hydroxyl moiety from the hydroxylamino group migrates to the 
adjacent position on the aromatic ring to form an imine (Figure 3). Loss of H 
accompanied by rearomatization of the ring yields o-aminophenols in all the 
mutase-catalyzed reactions, and in the special case when hydroxylaminoben- 
zene is the starting substrate for the hydroxylaminolyase-catalyzed reaction. 
When 4-hydroxylaminobenzoate, the physiological substrate for the lyase, is 
the starting substrate, the final product is protocatechuate^®^. The mechanism 
for the conversion of the imine to protocatechuate is still open to investigation. 
Experimental evidence exists for two possible mechanisms: direct addition of 
water with the loss of ammonia to produce protocatechuate^®^, or rearomati- 
zation to 4-amino-3-hydroxybenzoate followed by addition of water and loss 
of ammonia^^. 

Genes for degradation of 4-nitrobenzoate have been cloned from R. pickettii 
YH105^^^’ Rseudomonas sp. YH102^^^, and from R putida TW3 (73). In 
addition, the genes that encode the upper pathway for the transformation of 
4-nitrotoluene to 4-nitrobenzoate have been cloned from strain TW3^®’ 
4-Nitrobenzaldehyde dehydrogenase is the only enzyme that has been partially 
purified from strain TW3^^ and only 4-nitrobenzoate nitroreductase and 
4-hydroxylaminobenzoate lyase from C. acidovorans NBA- 10^ have been puri- 
fied from the 4-nitrobenzoate portion of the pathway. The limited set of gene 
sequences reveals that the nitrobenzoate degradation genes from Rseudomonas 
sp. YH102 and R putida TW3 share high sequence identity with each other and 
lesser identity with R. pickettii YH105. There are no other closely related genes 
in the GenBank database. This has been interpreted to indicate that the nitroben- 
zoate genes are ancient in origin and have diverged in the current host organ- 
isms^^’ The similarity of function of hydroxylaminobenzoate lyase to 
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hydroxylaminobenzene mutase thus appears to be a ease of convergence. 
In contrast, the initial oxidation of 4-nitrotoluene to 4-nitrobenzoate is encoded 
by genes that appear to be derived from the TOL pathway. There is a high degree 
of sequence identity and identical gene order between the xylWCMAB genes of 
the TOL pathway and the ntn(U)WCMAB genes of the 4-nitrotoluene pathway^^. 
One gene that appears to be unique to the 4-nitrotoluene pathway is ntnD, the 
gene that encodes 4-nitrobenzyl alcohol dehydrogenase^^. The gene is located 
downstream of the rest of the ntn gene cluster and is not related to xylB of the TOL 
pathway. The ntn genes have a low G+C content compared to the surrounding 
sequences and transposase-like genes are located nearby. The authors propose 
that the ntn cluster was acquired by TW3 through a transposition event, during 
which the xylB gene became inactivated. Then ntnD was recruited from elsewhere 
to compensate for the inactivation of xylB. 

2.1.3, Reduction to the Amine 

Despite the widespread occurrence of nonspecific nitroreductases that 
can reduce nitro groups to the amine, few productive pathways that incorporate 
the strategy have been reported. Aerobic organisms reported to use the strategy 
are limited to Pseudomonas sp. JX165 for the degradation of and 

Arthrobacter protophormiae RKJlOO for degradation of 2-nitrobenzoate^^. The 
evidence for both pathways is still preliminary. 

Anaerobic transformation of nitroaromatic compounds accounts for 
most reports of reduction to the amine. Numerous recent reviews discuss much 
of the anaerobic reduction literature with particular regard to transformation of 
TNT has received so much attention because it has been the 
most widely used explosive in the world, and massive contamination persists 
at numerous manufacturing sites. Both TNT and its reduced transformation 
products are highly toxic"^^’ No bacterium has been identified that 

can use TNT as a carbon source, although there are instances where TNT can 
serve as a nitrogen source^^’ or as the terminal electron acceptor^^. 

Over the last 30 years there have been numerous reports of TNT transfor- 
mation involving sequential reduction of the nitro groups to form aminodinitro- 
toluenes, followed by diaminonitrotoluenes, and at very low redox potentials, 
triaminotoluene^^^. Each reduction step involves formation of nitroso- and 
hydroxylamino-intermediates. The partially reduced intermediates are highly 
reactive and can condense to form a variety of azoxy compounds^’ or bind to 
humic acids, cells, and soil^’ Recently, Hughes and coworkers found that 
Clostridium acetylbutylicum transforms TNT to a variety of hydroxylamino 
compounds rather than to the amine^^ At least one product, a phenolic amine, is 
the result of a Bamberger rearrangement similar to the reaction catalyzed by 
hydroxylaminobenzene mutase, but the product is a p-aminophenol rather than 
an o-aminophenof^. A carbon monoxide dehydrogenase in Clostridium 
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thermoaceticum^^ and an Fe-only hydrogenase in C. acetylbutylicum^^^ catalyze 
reduction of TNT to hydroxylamino compounds. Prolonged incubation of 
the resulting hydroxylamino compounds with the purified enzymes results in the 
rearrangement product previously discovered in whole cell systems. The identi- 
cal rearrangement is also achieved abiotically via acid catalysis so that the for- 
mation of the phenolic amine cannot as yet be attributed to hydrogenase activity 
with any certainty. 

Pseudomonas sp. JLRl 1 was originally isolated because it could use 
TNT as a sole nitrogen source when glucose was supplied under anaerobic 
conditions'^. What made it unusual was the high percentage (85%) of nitrogen 
that was assimilated by the cells. Although a variety of oxidized as well as 
reduced intermediates were identified in culture fluids, the aromatic ring 
remained intact. The authors proposed that nitrite was released from the oxi- 
dized intermediates, but not from any of the reduced products. The authors 
subsequently discovered that the reduced intermediates were produced 
because the bacterium also uses TNT as an electron acceptor for energy pro- 
duction under anaerobic conditions'^ (Ramos et al, Chapter 8, this volume). 
In a system in which TNT was the only electron acceptor, ATP synthesis was 
coupled to proton extrusion and TNT reduction. The ability to use TNT as an 
electron acceptor for energy production might not be unique to strain JLRl 1, 
but the ability has not been rigorously demonstrated for any other bacterium. 



2.2. Reduction of the Ring: Hydride-Meisenheimer 
Complex Formation 

The presence of multiple nitro groups on an aromatic ring makes the ring 
so electron deficient that it is susceptible to reduction^^’ 2,4-Dinitrophenol^^“^^, 
2,4,6-trinitrophenol (picric acid)^’ and TNT^^’ can all be reduced 

via an enzyme-dependent transfer of a hydride ion to form a non-aromatic 
hydride-Meisenheimer complex. Early reports speculated that the Meisenheimer 
complexes of picric acid and TNT could spontaneously eliminate nitrite and 
rearomatize to form dinitrophenols and DNT; compounds known to be 
biodegradable. But a general mechanism for removal of nitro groups from 
trinitroaromatic compounds has not materialized. Whereas picric acid and 2,4- 
dinitrophenol are mineralized via pathways that involve a series of hydride ion 
transfers, a mixed picture of Meisenheimer complex involvement in TNT trans- 
formation has emerged^^. Although there are very early reports of unidentified 
pseudomonads that degrade picric acid, no details are known beyond the release 
of nitrite^^. Therefore, because most of the work on picric acid degradation has 
been done with various Nocardioides and Rhodococcus strains, picric acid and 
2,4-dinitrophenol degradation will not be discussed. 
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Hydride-Meisenheimer complexes of TNT have been reported for a 
number of bacteria, but significant release of nitrite has only been reported for 
Pseudomonas sp. clone R fluorescens and E. cloacae PB2^^. 

Presumably the enzymes involved in hydride-Meisenheimer complex forma- 
tion from TNT are not related to those involved in picric acid degradation 
because the gram-negative bacteria lack the F 42 o-dependent enzymes respon- 
sible for picric acid catabolism^^. Both the Pseudomonas strains catalyzed 
reduction of the nitro groups as well as the ring of TNT, whereas the 
Enterobacter converted TNT only to hydride-Meisenheimer complex interme- 
diates. To date, only the Enterobacter is capable of growth with TNT as the 
sole source of nitrogen^^. Pseudomonas sp. clone A was reported to grow on 
TNT as the sole source of carbon, nitrogen, and energy^ \ but the finding has 
not been repeated^^^. No information is available on whether P fluorescens I-C. 
can use TNT as a growth substrate. As yet, the mechanism by which nitrite is 
released from TNT is not known. Pak et al}^^ have proposed that an abiotic 
condensation reaction between a dihydride-Meisenheimer complex and a 
cation formed from 4-hydroxylamino-2,6-dinitrotoluene could result in a sub- 
stituted biphenyl following the elimination of nitrite. The substituted biphenyl 
has not been reported as a TNT metabolite from any other system. 

2.3. Monooxygenation of 4-Nitrophenol 

Monooxygenation as a strategy for initial attack on nitroaromatic com- 
pounds is limited to 2- and 4-nitrophenol and their derivatives including 
parathion, 4-nitroanisole, and 4-chloro-2-nitrophenol (Figure 5). The key require- 
ment is for a hydroxyl group ortho or para to a nitro group. The ability to degrade 
such compounds, however, is globally distributed both geographically and 
throughout the bacterial taxa, and numerous examples of 4-nitrophenol- and 
parathion-degrading bacteria are found in the literature. Table 1 lists only those 
studies in which the pathway has been determined. Little has been added to our 
understanding of monooxygenation of nitrophenols since the publication of 
several recent reviews and the reader is referred to those papers for detailed 
discussions^^’ 

The ester linkages of parathion, substituted parathions, and 4-nitroanisole 
are cleaved prior to monooxygenation in the degradation pathways (Figure 5). 
Monooxygenation reactions can add hydroxyl groups at the 2 or 3 carbon posi- 
tions of 4-nitrophenol to form 4-nitrocatechol or 4-nitroresorcinol. The nitro- 
phenol, nitroresorcinol, or nitrocatechols are all substrates for the flavoprotein 
monooxygenases that catalyze the release of the nitro group and the formation 
of a benzoquinone intermediate. The participation of the quinone intermediate 
has only been proven in the conversion of 4-methyl-5-nitrocatechol to 
2-hydroxy-5-methylquinone during degradation of 2,4-DNT. Benzoquinone 
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Figure 5. Monooxygenase attack on nitrophenols. 



intermediates in the 2- and 4-nitrophenol pathways are removed too rapidly, 
both abiotically and enzymatically, for purification and identification. The ben- 
zoquinone intermediates in those pathways have been inferred from the occa- 
sional detection of traces of the compounds and from the requirement for 2 mol 
of NADPH to convert nitrophenol to hydroquinone or catechol. Flavoprotein 
monooxygenases catalyze the initial attack on nitrophenol and methylnitrocat- 
echol, yet despite the similarity of the initial reactions, the enzymes are unlikely 
to be closely related. The genes that encode methylnitrocatechol monooxygenases 
have sequences that are most closely related to antibiotic synthesis monooxyge- 
nases, yet the overall operon organization is more closely related to those for 
phenol and monochlorophenol oxygenase degradation^^. The 4-nitrophenol 
monooxygenase from Pseudomonas sp. ENV2030 is most closely related to 
3 -hydoxyphenylproprionate monooxygenases ^ . 

The benzoquinone intermediates are reduced accompanied by rearoma- 
tization to hydroquinone or trihydroxybenzene, catechol, or trihydroxytoluene, 
if the parent compounds are 4-nitrophenol, 2-nitrophenol, or 4-methyl-5- 
nitrocatechol, respectively. None of the quinone reductases have been purified. 
Dioxygenase enzymes catalyze ring fission of the hydroxylated intermediates 
and all the pathways converge on P-ketoadipate. 
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2.4. Initial Dioxygenation of Nitroaromatic Compounds 

Dioxygenation is the classic mechanism for bacterial degradation of 
aromatic compounds^ yet until the early 1990s no nitroaromatic compounds 

were known to be degraded via initial dioxygenation reactions. Since that time 
dioxygenation has proven to be the most widely used mechanism for initiating 
mineralization of nonpolar nitroaromatic compounds (Figure 1). Briefly, 
degradation is initiated by attack at the nitro group farthest from any sub- 
stituent (Figure 6). Two hydroxyl groups are inserted on the ring to form nitro- 
hydrodiols. The nitrohydrodiols spontaneously rearomatize with the release of 
nitrite to yield catechols. Although the reactions involved are analogous to 
those of the toluene dioxygenase pathway^\ nitroarene dioxygenases are only 
distantly related to toluene dioxygenase. The proposed nitrohydrodiol inter- 
mediates have not been detected, nor does the elimination of nitrite require an 
enzyme with function analogous to toluene dihydrodiol dehydrogenase. The 
range of growth substrates for bacteria that possess nitroarene dioxygenases is 




R1 = CH 3 , H, OH 

R2 = H, NO 2 

R3 = CH3, C00H,N02 



Figure 6. Dioxygenase catalyzed initial reactions with A. NB, 2-nitrotoluene, 2,6-dinitrotoluene, 
and 2,6-dinitrophenol; B. 2,4-dinitrotoluene; and C. 3-nitrobenzoate, 3-nitrotoluene, and 1,3- 
dinitrobenzene. 
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narrow, but the nitroarene dioxygenases themselves have very broad substrate 
ranges^^. 

Most of our understanding of the dioxygenase initiated pathways comes 
from studies of the degradation of 2,4-DNT by Burkholderia sp. DNT and 
B. cepacia R34, 2-nitrotoluene (2-NT) by Acidovorax sp. JS42, and NB by 
Comamonas sp. JS765. Many of the genes involved in the pathways have been 
cloned and sequence4 enzymes have been purified or partially purified, and 
the regulatory genes have been identified. The first indication that initial steps 
in nitroaromatic and naphthalene degradation pathways are related came from 
sequence analysis of the genes for DNT dioxygenase in Burkholderia sp. 
DNT^^^. All nitroarene dioxygenases are highly related and can be distin- 
guished as a group from naphthalene dioxygenases^^. The structural and regu- 
latory genes that encode nitroarene dioxygenases form a cluster that is closely 
related to the nag genes that encode the upper pathway for naphthalene degra- 
dation via gentisate found in Ralstonia sp. U2^^’ and is more distantly 
related to the nah genes that encode naphthalene dioxygenase in the archetypal 
pathway for naphthalene degradation via catechol. Recent reviews^^’ 
discuss the details of the genes involved in the degradation pathways and the 
current understanding of the evolutionary origins of the pathways. 

The nbzR gene from Comamonas sp. JS765 and the ntdR gene from 
Acidovorax sp. JS42 encode identical LysR-type regulatory proteins^^. The 
proteins differ from the NagR regulatory protein by only five amino acids, but 
the NagR regulatory protein responds only to salicylate, whereas the NtdR and 
NbzR proteins respond to NB, nitrotoluenes, DNT, and aminodinitrotoluenes 
as well as salicylate and anthranilate. The studies demonstrated that the 
nitroaromatic compounds themselves serve as the effectors in the dioxygenase 
pathways because no responses were obtained with the known pathway inter- 
mediates catechol and 3-methylcatechol. It should also be noted that while the 
regulatory proteins respond to a wide variety of effector compounds, most of 
the effectors do not serve as growth substrates for the various strains. Bacteria 
generally are not able to degrade multiple nitroaromatic compounds even 
though nitroaromatic compounds are normally present as complex mixtures. 
It seems likely that the inability of bacteria to degrade a broad range of 
nitroaromatic compounds lies in limitations of the lower pathways and not 
with the initial dioxygenases or their regulation. It appears that the two major 
challenges for the evolution of dioxygenase initiated nitroaromatic catabolic 
pathways is to first, match the correct lower pathway to the product of the ini- 
tial dioxygenation reaction, and second, regulate the lower pathway to avoid 
misrouting and the formation of dead-end and toxic products. 

Comamonas sp. JS765, Acidovorax JS42, and Burkholderia sp. JS52 
catalyze the oxidation of NB, 2-nitrotoluene, and 3-nitrobenzoate, to catechol, 
3-methylcatechol, and protocatechuate, respectively. The three dihydroxy 
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compounds are common intermediates in aromatic metabolism and feed into 
central metabolic pathways. 

The pathways for dinitroaromatic compound degradation are more com- 
plex because the catechol intermediates still have a nitro group on the ring. 
Two different strategies have evolved to deal with the nitroaromatic interme- 
diates: direct ring cleavage with a nitro group still on the ring, or removal of 
the nitro group before ring cleavage (Figure 7). The catechol intermediates in 
the 2,6-DNT pathway found in B. cepacia JS850^®^ and in the 2,6-dinitrophenol 
pathway found in R. eutrophus JMP134 (2,6-DNP)^^, are directly cleaved, and 
in both pathways the second nitro group is released as nitrite via unknown sub- 
sequent reactions. The number of examples is too small to generalize that the 
nitrocatechol intermediates of all 2,6-dinitroaromatic pathways are cleaved 
with a nitro group still attached to the ring. Cleavage of 3-methyl-4-nitrocate- 
chol is extradiol in the 2,6-DNT degradation pathway and the ring cleavage 
product, 2-hydroxy-5-nitro-6-oxohepta-2,4-dienoic acid is enzymatically 
hydrolyzed to 2-hydroxy-5-nitropenta-2,4-dienoic acid^®^. In contrast, prelim- 
inary evidence suggests that nitropyrogallol probably undergoes intradiol 
cleavage in the 2,6-DNP pathway^^. A transient intermediate of cleavage of 
nitropyrogallol by cell extracts of 2,6-DNP-grown cultures of strain JMP134 
was proposed to be 2-hydroxy-5-nitro-muconic acid based on its conversion to 
2-hydroxy-5-nitropenta-2,4-dienoic acid. 

In the 2,4-DNT degradation pathway, the second nitro group is removed 
prior to ring cleavage. Detailed studies that include enzyme purification and 
cloning and sequencing of the genes have been carried out with Burkholderia sp. 
DNT and B. cepacia R34"^^’ As mentioned in the 

previous section, 4-methyl-5-nitrocatechol is not cleaved directly, but under- 
goes a monooxygenation reaction to form 2-hydroxy-5-methylquinone with the 
loss of the second nitro group as nitrite. The quinone is reduced to 2,4,5- 
trihydroxytoluene which is cleaved by an extradiol ring cleavage dioxygenase 
to 2,4-dihydroxy-5-methyl-6-oxo-2,4-hexadienoic acid"^^’ The ring fission 
product is presumed to undergo tautomerization to the keto form which is 
cleaved to yield pyruvic acid and methylmalonic acid semialdehyde. The same 
enzyme, DntG, catalyzed both the tautomerization and hydrolysis reactions^ ^ 

The recent completion of analysis of the reactions and genes involved in 
the pathway for degradation of 2,4-DNT by B. cepacia R34^^ has extended our 
understanding of the evolution of nitroaromatic pathways. The 2,4-DNT path- 
way in strain R34 appears to have been constructed by recruitment of three sep- 
arate modules for the initial dioxygenase, the monooxygenase, and the 
ring-fission dioxygenase^^. As discussed above, both the regulatory genes and 
the structural genes for the initial dioxygenases are derived from the naphtha- 
lene degradation pathway in which salicylate is converted to gentisate by a 
hydroxylase. Whereas NagR from Ralstonia sp. U2 only responds to salicylate. 
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Figure 7. Cleavage of intermediates of A. 2,4-DNT, B. 2,6-DNT, and C. 2,6-DNP degradation pathways. 
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preliminary studies with DntR indicate that the effector range is broad (Parales, 
personal communication). Sequences that are remnants of salicylate hydroxy- 
lase genes from the nag pathway have been found in all nitroarene dioxygenase 
operons analyzed to date^^. It seems likely that the genes are being eliminated 
as more efficient and compact operons evolve^^’ 

The methylnitrocatechol monooxygenases distinguish 2,4-DNT degra- 
dation pathways from all other nitroarene dioxygenase initiated pathways, yet 
the monooxygenases from Burkholderia sp. DNT and B. cepacia R34 share 
only 53% identity^ ^ The trihydroxytoluene dioxygenase genes from the two 
strains share only 60% identity^^. The regulation of the methylnitrocatechol 
monooxygenase and the trihydroxytoluene dioxygenase genes has not yet been 
worked out. A major determinant of how well a strain grows with 2,4-DNT is 
the coordination of the expression of the three oxygenase genes. Thus, slow 
growing strains such as DNT and R34 exhibit lag periods before the methyl- 
nitrocatechol monooxygenase and trihydroxytoluene dioxygenases are 
expressed and full induction of the pathway can take up to 4-5 days. Fast grow- 
ing strains such as B. cepacia JS872 are fully induced within several hours 
after exposure to 2,4-DNT^®^. 

In general, the genes for the nitroarene dioxygenases and their regulators 
have spread by horizontal gene transfer in the recent past^^. But the acquisition 
of the remaining elements of the degradation pathways has not been a uniform 
process. Evolution has taken advantage of existing catabolic pathways for the 
simpler nitroaromatic compounds, but more complex changes had to occur 
before dinitroaromatic compounds could be utilized as sole growth substrates. 
It seems likely that the pathways evolved in the past century in response to the 
release of synthetic chemicals in the biosphere. If so, the greater complexity 
of the changes involved might be measured by the time between the discovery 
of bacteria that could degrade mononitrobenzoates and mononitrophenols and 
those that degrade DNT, a period of about 30 years. 



3. APPLICATIONS 

One of the major contributions of the basic work described above is the 
understanding that natural bacteria are degrading nitroaromatic compounds at 
a wide range of contaminated sites. Understanding of the pathways and strate- 
gies used by bacteria to degrade nitroaromatic compounds will enhance our 
ability to predict the behavior of such bacteria in the environment and can form 
the basis for specific cleanup strategies, including natural attenuation. 
Elucidation of the genes responsible for the catalytic abilities can provide the 
basis for metabolic engineering for degradation of recalcitrant compounds 
such as TNT. 
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Biodegradation, including natural attenuation, is now being applied at 
military and industrial sites that are contaminated with nitroaromatic com- 
pounds^"^’ More recently, the novel enzymes unique to nitroaromatic degra- 
dation pathways have found potential biocatalytic applications for the 
production of chemicals that are difficult to synthesize through conventional 
means. The hydroxylaminobenzene mutase from R pseudoalcaligenes JS45 
can be used to make a variety of aminophenols^^^. The mutase coupled with 
the aminophenol ring fission dioxygenase can simplify the production of novel 
picolinic acids^^. Nitroarene dioxygenases add to the arsenal of dihydroxylating 
dioxygenases that are available for biocatalysis of unusual catechols and chiral 
compounds^^’ 

It is clear that a wide range of bacteria have evolved the ability to take 
advantage of most of the industrially important nitroaromatic compounds. The 
biochemical strategies they have assembled are fairly well understood. In con- 
trast, the regulation of the pathways, their evolution, and how they relate to 
microbial interactions in natural ecosystems have not been explored. Although 
there are a few natural nitroaromatic compounds, it seems likely that the chemi- 
cals discussed here have only been in the biosphere for the past century. Thus, 
the pathways appear to have evolved recently and are still evolving as indicated 
by their inefficient regulation and the presence of extra genetic material indica- 
tive of recent horizontal gene transfer. Recent advances in sequencing capabil- 
ities will allow rapid advances in understanding how microbes ensure the 
continued participation of nitroaromatic compounds in the global carbon cycle. 
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1. INTRODUCTION 

Traditional biotechnology can be defined as the use of cellular and 
molecular processes in microorganisms to manufacture products. Biotech- 
nology is as old as the hills and includes fermentation of beer and wine and 
production of cheese and bread. 

Modern biotechnology is different in a sense that it makes use of the 
rapidly increasing knowledge of cellular and molecular biology. This knowl- 
edge increasingly contributes to solving complex problems and to steering 
processes towards well-defined end goals. In recent history some important 
breakthroughs have provided tools for modern biotechnology: (a) discovery 
of DNA restriction and ligation enzymes, opening the way for gene clon- 
ing (1970), (b) establishment of the DNA sequencing technique (1976) and 
(c) determination of the first full genomic DNA sequence of a unicellular 
organism, the bacterium Haemophilus influenzae, in 1995^"^. 

The latter event was the starting point for a revolution in biosciences 
referred to as the genomics era. At a rapidly increasing pace the sequencing 
and annotation of whole genomes, including the human genome, provides 
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researchers the tools to study cellular responses and their underlying molecular 
processes. The genomics era has boosted both investments and revenues in 
biotechnology industry. Since 1995 the revenues in the United States more 
than doubled to US$ 28 billon/year (Ernst & Young LLP, Annual 
Biotechnology Industry Reports, 1993-2002) and the number of granted 
patents in the area of biotechnology has tripled to 14,000/year (US. Patent and 
Trademark Office). By far the largest share of these numbers can be con- 
tributed to the drug and, to a lesser extent, the food industry. From 1982 to 
1994 the number of Food and Drug Administration (FDA) approved biotech 
drugs in the United States averaged four per year. However, since 1995 this 
number increased 5 fold to 22 per year. 

Modern biotechnology, contrary to the drug industry, still plays a minor 
role in industrial manufacturing. The production of chemicals by microorgan- 
isms or enzymes, referred to as biocatalysis, on a commercial scale is very 
limited compared to traditional chemical production. It has long been recog- 
nized that microorganisms and enzymes have several characteristics which 
could potentially be favourable for the manufacturing industry. They operate at 
moderate temperatures, which could reduce energy requirements for a given 
process. They are highly specific for a given product and thus produce less 
(toxic) by-products and waste. They may use less purified substrates and do 
not require expensive chemical activating or protecting groups nor large 
amounts of solvents. 

However, the main obstacle for biocatalysis has been the long time path 
to come to an efficient and economic process. A process based on biocatalysis 
can be divided into several distinct phases and disciplines each of which 
should be passed through (Figure 1). 

For this reason most bio-based processes require a time-to-market of sev- 
eral years. Nonetheless, several recent developments have fuelled the expecta- 
tion that biocatalysis will play an important role in the manufacturing industry 
in the years to come. First, the advent of genomics technologies has increased, 
and will do so more in the future, our understanding of molecular processes 
within the cell. Leads to bottlenecks hampering a given biotransformation will 
be obtained more readily and solutions to lift these impairments will be gener- 
ated at a much higher pace than in the pre-genomics era. Second, many biosci- 
entific areas such as genetics, microbiology, biochemistry and process 
engineering tend to be no longer isolated disciplines but are more integrated, 
which also shortens the process cycle. The third and decisive development is the 
increasing attention of the public opinion and governments for industrially sus- 
tainable processes^^. Reduction of waste and lower consumption of energy and 
non-renewable materials will have increasing attention in the years to come. 

At present, several biocatalytic reactions are performed on an industrial 
scale by isolated enzymes. Carbohydrases, proteases/peptidases, lipases. 
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Figure 1. The development of a biocatalytic process: the biocatalysis cycle^^. 



amidases and lyases make up the majority of enzymes and they are mainly 
employed by the food/feed, detergent and paper industry. 

Whole-cell biocatalysis is also employed but it still has to stand up to its 
inherent potential. It is evident that biotransformations by whole-cells will be 
particularly useful in those areas where isolated enzymes are less appropriate. 
Reactions that require multicomponent enzyme systems and/or cofactor- 
dependent enzymatic reactions, such as oxidations and reductions, would be 
preferably performed by whole cells to allow for cheap cofactor regeneration. 
Chemical compounds such as hydroxylated aromatics, aldehydes, alcohols and 
epoxides are examples of products that could be synthesized by such reactions. 
They are important ingredients for (fine)-chemical materials and serve a huge 
market. Currently, the vast majority of such compounds is produced from 
fossil resources by production methods that often involve expensive chemical 
activating/protecting groups and/or large amounts of solvents. Whole-cell 
biocatalysis could prove an excellent ‘green’ alternative either transforming 
one intermediate compound to the desired product in one or few steps or even 
produce them from renewable natural sources, for example, sugars. 
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2. TOXICITY OF ORGANIC SOLVENTS AND 
SOLVENT-TOLERANT PSEUDOMONADS 

A major obstacle for whole-cell production of these chemical 
compounds, also referred to as organic solvents, is their extreme toxicity to 
living cells. Many organic solvents are quite hydrophobic compounds that 
exert their toxicity by accumulating in the bacterial cell-membrane^^. The cell- 
membrane performs vital functions. It is a matrix for proteins and a selective 
barrier for solutes between the cell and its environment. Additionally bacterial 
cytoplasmic membranes serve as a source of energy for the cell by generating 
a gradient of ions such as protons hereby maintaining a ApH and electric 
potential Apsi which results in the electron motive force. 

If a solvent in the membrane reaches a critical concentration then the 
fluidity of the membrane is disturbed to such an extent that the lipid order 
and lipid bilayer is destabilized^^^. This causes destruction of all structural and 
functional properties, including energy supply and membrane-embedded 
transport systems. The devastating effects of solvents on bacterial membranes 
was already shown in the early 1970s. The presence of toluene was found to 
impair growth of Escherichia coli cells and caused leakage of RNA, phospho- 
lipids and proteins^^’ The disintegration of cell membranes after exposure 
to an organic solvent was also made visible by de Smet et al in 1978^^^. 
Electron microscopic pictures of toluene treated E. coli cells showed consid- 
erable damage to the inner membrane. 

Hydrophobicity of solvents is usually expressed in terms of logPo/w, in 
which log is the common logarithm and Po/w stands for the partitioning of a 
given compound over an octanol/water two-phase system. Organic solvents 
with a logPo/w between 1 and 4 are generally regarded as very toxic to living 
cells^^’ Solvents such as toluene (logP = 2.5) or benzene (logP = 2.0) will 
readily accumulate into the cell membrane above lethal concentrations. A rela- 
tionship between logPo/w and the logarithm of partitioning of a solvent over a 
membrane/water two-phase system was established by Sikkema et al, 1994^^: 

LogPmembr./bufifer = 0.97 X LogPo/w - 0.64 (For solvents 
with a logPo/w between 1 and 4.5) 

From this equation the accumulation of a given solvent into a bacterial 
membrane can be estimated (Table 1). In a watery system with saturated 
amounts of toluene (6.3 mM) the maximum amount solved in a bacterial mem- 
brane would be 368 mM. A 6.3 mM solution of benzene in water/medium 
would result in a membrane concentration of 126 mM. In this sense benzene 
is less toxic than toluene. However, as the solubility of benzene in water is four 
times higher than the solubility of toluene; saturated amounts of benzene are 
more toxic to living cells. 
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Table 1. Accumulation of different solvents in the membrane at saturating 
concentrations in water. 



Solvent 




Maximum concentration (mM) 




LogPo/w 


In water 


In membrane^ 


Butanol 


0.8 


1000 


1100 


Benzene 


2.13 


23 


620 


1-Octanol 


2.81 


4.2 


529 


Toluene 


2.48 


6.3 


368 


Decanol 


4.00 


0.25 


434 


Styrene 


2.89 


3 


280 



^As calculated from: LogPmembr./buffer = 0.97 X LogPo/w - 0.64 (Sikkema et al, 1994). 



Table 2. Overview of organic solvent-tolerant Pseudomonas strains. 



Strain 


Solvent tolerated^ 


LogPo/w^ 


References 


R putida IH-2000 


Toluene 


2.5 


[35] 


R putida S12 


Toluene 


2.5 


[107] 


R putida DOT-Tl 


Toluene 


2.5 


[85] 


R putida Idaho 


Toluene 


2.5 


[7] 


R putida GM73 


Toluene 


2.5 


[46] 


R putida KT2442 


/7-Xylene 


3.1 


[15] 


R putida FI 


/?-Xylene 


3.1 


[75] 


R putida CE2010 


Toluene 


2.5 


[75] 


R putida PpGl-7T 


Toluene 


2.5 


[96] 


R putida No.69-3 


Heptanol 


2.4 


[103] 


R aeruginosa PST-01 


Cyclohexane 


3.2 


[74] 


R aeruginosa PAOl 


Hexane 


3.5 


[55] 


R aeruginosa LST-03 


Toluene 


2.5 


[73] 


R aeruginosa PAKlOl 


Hexane 


3.5 


[50] 


R aeruginosa PAK102 


p-Xylene 


3.1 


[50] 


R mendocina K08-1 


Dimethylphtalate 


2.3 


[32] 


R mendocina LF-1 


Dimethylphtalate 


2.3 


[32] 


Rseudomonas sp. LB400 


Cyclohexane 


3.2 


[75] 



^Tolerance is presented as the ability to grow in the presence of supersaturating amounts of the solvent. 
*^LogPo/w values as published by Laane et alP 



It was for their very effective antimicrobial properties that solvents like 
toluene have long been employed as a disinfectant until their severe toxicity for 
humans was established. The isolation of a solvent-tolerant Pseudomonas 
putida strain by Inoue and Horikoshi in 1989^^ that was able to thrive in aque- 
ous medium in the presence of supersaturated amounts of toluene was quite a 
blow to the perception at that time that such severe stress conditions were not 
consistent with life. Shortly following this finding other groups also reported 
the isolation of natural solvent-tolerant bacteria of which the majority belonged 
to the genus Pseudomonas (Table 2), although other gram-negatives and even 
some gram-positives have also been found to be solvent-tolerant^^’ 
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Amelioration of damaging effects 




4 




Figure 2. Principal defense strategies of solvent-tolerant bacteria to combat solvent toxicity. 



3. MECHANISMS OF SOLVENT-TOLERANCE: 
PHYSIOLOGIC ADAPTATION 

Solvent-tolerant Pseudomonas strains have been shown to engage spe- 
cific physiologic responses to cope with devastating effects of toxic solvents. 
The details of many of these adaptation mechanisms have been extensively 
reviewed^^’ and an overview will be given below. 

Not surprisingly adaptational responses mainly deal with membrane 
(both cytoplasmic and outer membrane) associated phenomena. Basically 
Pseudomonas employs three lines of defense to survive solvent stress: (a) repul- 
sion of solvent molecules from the cell, (b) amelioration of damaging effects of 
solvents and (c) active removal of the solvent from the cell (Figure 2). 

3.1. Repulsion of Solvent Molecules from the Cell 

Repulsion of solvents from the cell could be considered as the first mech- 
anism in a row of adaptational responses. It is mainly brought about by mecha- 
nisms confined to the outer membrane of gram-negatives. The outer membrane 
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has been shown an effective barrier for hydrophobic molecules^^ and this is pre- 
sumed to be the reason why gram-negatives are better able to deal with organic 
solvent stress than gram-positives. Although the outer membrane can be consid- 
ered as a highly porous layer carrying many different protein channels (porins) 
that facilitate diffusion of molecules, its high degree of impermeability to 
organic solvents is based on its relatively hydrophilic character. This is mainly 
brought about by the presence of lipopolysaccharides (LPS) which have a low 
permeability for hydrophobic compounds^^’ It was observed that 

P putida, if challenged with solvents, further increase the impermeability of the 
outer cell membrane by changing the composition of LPS 

The presence or absence of proteins in the outer-membrane also 
greatly affects solvent-tolerance. It was shown that loss of porins, such as 
OprL from P. putida DOT-Tl and OprF from P aeruginosa inflicted solvent 
sensitivity^"^’ As these porins are not only functional as channels but are 
also considered to stabilize the membrane structure^ it could be hypothesized 
that this solvent sensitivity was a result of impairment of the membrane struc- 
ture. In addition, it was argued that loss of proteins would add to an increase 
of the cell surface hydrophobicity. 

Despite the outer membrane being an effective barrier to solvents, exten- 
sive challenging of cells with high enough doses will eventually lead to accumu- 
lation of lethal amounts in the cytoplasmic membrane. Rather than being an 
absolute barrier the outer membrane could be regarded as a means to delay leak- 
age of solvents into the cell, allowing time to engage subsequent lines of defense. 

3.2. Amelioration of Damaging Effects of Solvents 

Amelioration of the damaging effects is based on counteracting the 
changes in fluidity of the cytoplasmic membrane inflicted by the solvent. This 
regulation of fluidity, also referred to as homeoviscous adaptation^^, was 
shown to be brought about by several mechanisms: 

3.2.1. Change of the Saturation Degree of Membrane Fatty Acids 

In bacteria that are not qualified as solvent-tolerant, such as E. coli, it 
was shown that exposure to polar solvents like alcohol and acetone caused an 
increase of the ratio of saturated/unsaturated fatty acids in the membrane^^’ 
Exposure to apolar solvents like benzene had the opposite effect. This effect 
was also observed in solvent-tolerant P. putida upon exposure to toluene and it 
was shown to be part of the adaptational response^ 

3. 2. 2. Cis/T mns Isomerization of Unsaturated Fatty Acids 

Isomerization of the cis double bond of unsaturated membrane fatty 

acids into the trans configuration was observed in P putida challenged with 
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organic solvents^’ This isomerization brings about a higher ordering of the 
membrane structure hereby decreasing its fluidity. It was shown that the extent 
of isomerization depended on the toxicity and the concentration of the organic 
solvent used. Cis-trans isomerization was shown to be cofactor independent 
and was not related with lipid biosynthesis^^’ The gene encoding for 

cis-trans isomerase (cti) from P. putida was first isolated and sequenced 
by Holtwick et al?^. After this finding several other c^/-like genes have been 
identified mainly from Pseudomonas strains'^ ^ 

3.2.3. Changing Phospholipids Head Groups 

Another mechanism that involves regulation of cytoplasmic membrane 
fluidity is based on alteration of composition of the phospholipids head 
groups^^’ It was shown that in solvent-tolerant P. putida strains the rela- 
tive amount of diphosphatidylglycerol^^’ or phosphatidylethanolamine^^ 
increases upon adaptation to solvents. It was hypothesized that alteration of 
head group composition affects the phase preference of the lipids. This in turn 
compensates for the effects of solvents on the fluidity and ordering of the 
membrane lipids^^. 

3.3. Active Removal of Solvents from the Cell 

The idea that solvents are actively extruded from the cytoplasmic 
membrane of solvent-tolerant bacteria originated from the notion that modifi- 
cations in the outer and inner membrane solely would not prevent the eventual 
accumulation of solvents in the cell to lethal levels. Indeed in 1996 it was 
established for the first time that toluene was actively removed from the 
solvent-tolerant P. putida SI 2^^ in an energy driven (proton motive force) fash- 
ion. The genes encoding this efflux system were identified and characterized 
in 1998"^^. Since then several other solvent efflux systems have been identified 
and characterized in solvent-tolerant Pseudomonas strains^^’ 

Solvent efflux pumps appear to be the principal defence mechanism for 
extremely toxic solvents like toluene. They were shown to belong to the RND- 
type (resistance nodulation division) efflux pumps that till recently were espe- 
cially known to be involved in antibiotic resistance in e.g. P. aeruginosa 
(refs. [71, 82] for recent reviews). Indeed several of the efflux systems 
involved in resistance to antibiotics were also shown to be involved in solvent- 
tolerance^^ and vice versa^^’ 

Based on studies of the structure of the AcrAB-TolC multidrug efflux 
system of E. colP^^ it is proposed that the structurally related solvent efflux 
systems consist of a tripartite protein complex that spans the inner and outer 
membrane. Generally the largest of the 3 proteins is located in the cytoplasmic 
membrane, where it is presumed to take accumulated solvent molecules. 
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Figure 3. Schematic drawing of a typical solvent efflux system in the membrane of gram- 
negative bacteria. Arrows indicate extrusion of solvents from inner leaflet of the inner membrane. 
Abbreviations: MFP, membrane fusion protein; RND, inner membrane transporter protein; OMP, 
outer membrane protein (porin). 



A membrane fusion protein connects the cytoplasmic protein with a porin in 
the outer membrane facilitating extrusion of the solvent out of the cell into the 
environment (Figure 3). Although the exact mechanism of solvent extrusion by 
these proteins remains to be elucidated, the studies on multidrug transporters 
of the RND type such as AcrAB-TolC and the Mex efflux systems (ref. [71, 82] 
for recent reviews) may well stand model. 

Several studies have indicated that solvent efflux pumps have a broad 
substrate specificity. It was shown for the srpABC pump from R putida S12 
that it is involved in the tolerance to aromatic compounds, alcohols, alkanes 
and cyclo-alkanes, but not to antibiotics^^. Recently it was shown that in 
R putida S12 a different efflux pump, Arp ABC, is involved in the active efflux 
of multiple antibiotics'^'^. The broad range solvent-tolerant phenotype of 
R putida DOT-TIE was shown to be the result of in part overlapping substrate 
specificity of three identified efflux pumps^^ 

Genes encoding efflux systems of the RND type are located adjacent to 
one or two putative regulatory genes^^. In general these genes encode repressors. 

The genetic organization of solvent efflux systems reveals a similar 
structure and in few instances light was shed on the role of the regulators. The 
srpABC genes in R putida S 12 are preceded by two clustered genes srpS and 
srpR that by sequence comparison resemble repressor genes (Figure 4). SrpS 
is an IclR type repressor and srpR resembles TetR like regulators such as acrR 
(GenBank AF061937), which is a repressor of acrAB transcription in E. colf^. 
It was shown recently that interruption of the srpSR cluster in R putida S12 
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Figure 4. Schematic representation of the genetic organization of the srp efflux system in 
P. putida SI 2, including the regulatory genes. From the work by Wery et al 2001 the following 
picture emerges. (A) The gene products of srpSR repress expression of the srpABC operon under 
normal conditions. (B) Exposure to sublethal concentrations of toluene (3mM) lifts repression by 
SrpSR, yielding toluene adapted cells. (C) In genetic variants of R putida S12 that are solvent 
shock-tolerant the insertion of ZSS12 in srpS structurally impedes srpSR expression yielding 
permanently solvent-adapted cells. 

brought about enhanced tolerance to toluene shocks without pre-adaptation to 
the solvent^^^. This tolerance, which was comparable to levels observed in pre- 
adapted wild-type cells, could be completely reversed after complementation 
with intact srpSR. The results clearly indicated that the gene products of srpSR 
repress expression from srpABC under normal conditions. 

In R putida DOT-TIE the solvent efflux genes ttgGHI are preceded by 
the putative regulatory genes ttgVW in a manner highly similar to srpABC/ 
srpSR. Here the role of the regulators is not yet established in physiological 
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tests^^ Contrary to srpABC and ttgGHI the genes encoding the two other 
efflux systems in DOT-TIE, ttgABC and ttgDEF, are preceded by only one 
putative regulatory gene. It was established that the expression from ttgABC 
was negatively controlled by the ttgR gene product^^. 

Recently a possible alternative mechanism for active removal of solvents 
has been described for R putida. It was shown that the solvent-tolerant 
R putida IH-2000 releases membrane vesicles upon challenging with toluene, 
whereas a solvent-sensitive mutant did not. As these vesicles were demon- 
strated to contain higher concentrations of toluene molecules than the cell 
membrane, they were presumed to be effective scavengers of toluene mole- 
cules'^^. This mechanism of solvent removal is difficult to rationalize on the 
basis of the generally hold idea of membranes presenting a two-dimensional 
‘fluid mosaic’. In this state, the packing supposedly is loose and lateral diffu- 
sion of lipids and proteins and also of solvents is expected to be relatively 
rapid. However, in recent years more and more information is emerging about 
the existence of other lipid bilayer states, referred to as ‘liquid-ordered’ or as 
also referred to as rafts. These rafts have been studied mainly in eukaryotic 
systems but also in prokaryotes they may be relevant. 

4. MECHANISMS OF SOLVENT-TOLERANCE: 

GENETIC ADAPTATION 

From the above it becomes clear that Rseudomonas has evolved many 
cell functions that enable it to cope with solvent stress and probably more 
mechanisms will be discovered in the near future aided by the vast amount of 
information that is generated by the different Rseudomonas genome sequenc- 
ing projects^^’ 

Most of the functions related to solvent-tolerance have evolved during a 
long period of time and are the result of constant selective pressure imposed 
by the different habitats of Rseudomonas. It was only acknowledged recently 
that evolution of traits is not necessarily a long-term process, but can be a mat- 
ter of a limited number of generations, which for bacteria stands for hours 
rather than ages. Till date little attention has been paid to the phenomenon of 
accelerated evolution with respect to the emergence of Rseudomonas variants 
that are better prepared for solvent-stress. 

The emergence of Rseudomonas variants from a genetically homoge- 
neous population that was better prepared to cope with an instant solvent 
shock was observed in the past^^^. Normally, adaptational responses of sol- 
vent-tolerant Rseudomonas occur after exposure to non-lethal inducing 
amounts of, for example, toluene (pre-adaptation). In this way, all cells in the 
population are able to engage their defensive mechanisms and are prepared to 
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survive even a separate phase of the solvent (1% [vol./vol.]). This solvent- 
tolerant phenotype is rapidly lost when the population is subsequently incu- 
bated in the absence of toluene. If toluene (1% [vol./vol.]) is added shock- wise 
to cells that are not pre-adapted, then lysis of cells occurs. 

Surprisingly, a few cells in the population were consistently found to 
survive such a shock^’ These surviving individuals eventually grew to 

a high density in the presence of a separate phase of the solvent. Contrary 
to pre-adapted cells, such population maintained its toluene-tolerant pheno- 
type after prolonged incubation without toluene^^^. No adequate explanation 
could be given for this phenomenon, however, recently it was demonstrated 
that in R putida S12 an insertion sequence, ZSS12 was involved in the emerg- 
ing of this toluene-shock tolerant variant^^^. 

It was found that the variant carried an extra copy of /5S12 in the putative 
regulatory gene cluster srpSR of the solvent efflux pump SrpABC (Figure 4) and 
evidence was provided that the insertion brought about an increased basal (under 
normal growth conditions) expression of the solvent pump. This mechanism was 
shown to be the basis of the high survival frequency of this genetic variant. 

Based on these findings it was hypothesized that the ZSS12 was employed 
by its host as an effective mutator element: it transposes at a certain rate into 
new genomic locations, hereby sometimes effectuating new phenotypes that, 
if beneficial under given conditions, result in the rising of a new strain. Thus 
the bacterium always maintains sub-populations of pre-conditioned cells. 
Indeed it was found that challenging R putida S12 with other solvents and even 
antibiotics led to variants with extra /5S12 copies inserted in different yet to be 
characterized chromosomal locations (Wery et al. unpublished results). 

Shortly after this finding Kobayashi et al.^^ found a correlation between 
enhanced solvent-tolerance and insertion sequences in E. coli. In this report a 
solvent-sensitive mutant was studied that carries a truncated acrB gene coding 
for a part of the AcrAB-TolC efflux pump. It was shown that two variants of 
this mutant with increased solvent-tolerance carried either insertion element 
ISl and IS30 upstream of the acrEF operon. 

The acrEF genes are normally dormant in E. coli and unlike AcrAB- 
TolC do not contribute to increased solvent-tolerance under solvent stress^^’ 

It was shown that both variants carried increased amounts of AcrE protein, 
probably as a result of creation of promoters by the insertion elements^^. 

5. Pseudomonas putida IN WHOLE-CELL 
BIOCATALYSIS 

As outlined in Section 2 of this chapter toxicity of products is often a 
major obstacle for whole-cell biocatalysis. Bacteria, yeasts and fungi, such as 
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E. coli, Saccharomyces cerevisiae and Aspergillus sp., which are the most 
widely used in biocatalytic processes are not necessarily the most appropriate 
to combat product toxicity. The solvent-tolerant properties of many 
Pseudomonas strains may well be the key in tackling this major problem in 
several biocatalytic applications. 

Pseudomonads already have been shown to possess excellent biocat- 
alytic abilities that are mainly effectuated by a variety of oxygenases which are 
able to transform thousands of natural and industrial compounds These bio- 

catalytic properties, together with their tolerance to many aromatics, such as 
benzene, toluene, ethylbenzene and xylenes (BTEX), already were demon- 
strated to be a strong combination for bioremediation^’ However, 

there are only a limited number of reports describing bioproduction of (fine) 
chemicals by Pseudomonas (Table 3), and only few concepts for a commercial 
production process for the class of chemicals of interest (1 < logP < 4) are 
available 

This could in part be explained by the fact that most of the wild-type 
strains described so far do not accumulate industrially useful compounds. If 
(genetically) modified to perform a given conversion. Pseudomonas hosts 
may, as a result of their broad biocatalytic abilities, degrade a desired product 
(especially aromatics). Until recently relatively few genetic tools were avail- 
able for Pseudomonas to tackle these problems. 

In several instances ‘classic’ chemical or UV-mutagenesis methods were 
used to obtain Pseudomonas hosts that accumulated a compound of interest. 
The production of catechols from toluene was studied in P putida 2313. 
This strain is able to completely mineralize toluene and it was mutagenized 
with N-methyl-N-nitro-N-nitrosoguanidine (NTG) to obtain a mutant that was 
blocked in the transformation of 3-methylcatechol in the toluene degradation 
route. Based on this mutant a fed-batch 3-methylcatechol production system 
was designed^^. Similarly, bioconversion systems to transform naphthalene 
into naphthalene-c/^-glycoT^ and toluene into toluene-cw-glycol^ were based 
on the use of a putida mutant that was obtained after UV mutagenesis^^^. 

In several studies the genes for a bioconversion of interest were trans- 
ferred from Pseudomonas to E. coli. This host is in many instances not capable 
of degrading the product; it is more accessible for genetic tools and is much bet- 
ter studied in large scale fermentations^^’ The preference for coli as a host 
in the bio-production of the expensive fine-chemical styrene oxide from the 
inexpensive bulk-chemical styrene illustrates this phenomenon. Here E. coli is 
used as a host for the expression of the xylMA^^’ or the styAB^^ genes from 

P putida mt-2 and Pseudomonas species VLB 120, respectively. 

However, the use of P putida as a host for these types of bioconversions 
appears to be attractive and increasingly attainable. The tools for genetic mod- 
ification such as gene cloning, vector transfer, gene inactivation, mutation and 
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expression are being developed at a high pace^^’ (ref. [93] for an 
overview) and the availability of genetic tools no longer pose a limitation for 
the use of R putida as an efficient biocatalyst. In several studies this was 
already acknowledged. For the production of styrene oxide from styrene, 
Panke et employed a genetic system based on the expression of xylene 
monooxygenase by the alkane inducible alkS/alkBp promoter in R putida 
KT2440. This expression cassette was stably integrated via a modified mini- 
Tn5 transposon in the chromosome of the host to prevent segregational insta- 
bility. Similarly Wery et al™ reported a concept for the production of 
3-methylcatechol from toluene in the solvent-tolerant R putida S12. Genes 
responsible for this conversion, todClC2BAD, were isolated from R putida FI 
that completely mineralizes toluene via 3-methylcatechol^^^’ The genes 
were placed under control of a salicylate inducible promoter. This expression 
cassette was conjugated into R putida S 12 via the mini-Tn5 transposon system 
and screening of several mutants yielded a stable 3-methylcatechol producer 
strain. This concept was further improved by Husken et al}^~^^ who combined 
the use of this integrative expression system with a mutant derivative of 
R putida FI that was no longer able to further degrade 3-methylcatechol. 



5.1. Two-Liquid Water-Solvent Production Systems 

In processes such as those outlined above it is often imperative to scav- 
enge toxic product away from the biocatalysts. This could be achieved by solid 
adsorption materials^^’ but for many processes application of a solvent 
phase in a two-liquid water-solvent system is to be preferred. In an effective 
two-liquid water-solvent system the solvent phase acts as a scavenger of 
a toxic product and as a reservoir for toxic substrates hereby diminishing their 
toxicity. Moreover, such system leads to concentration of the product and 
preferably leaves enough substrate in the aqueous liquid phase to bring about 
sufficient availability. In many cases the use of solvent-sensitive hosts poses 
limitations upon the choice of the solvent phase of such two-liquid water- 
solvent systems due to toxicity. 

A possible solution to this problem could be separation of the solvent 
phase from the aqueous phase by means of a (hydrophilic) membrane pre- 
venting direct contact of the biocatalyst with the solvent"^’ However 

important drawbacks of such systems are membrane fouling due to concentra- 
tion of biomass and waste products at the membrane surface^^. This causes 
decreased mass transfer (decreased extraction of the product) and increased 
pressure differences that could bring about mixing of the phases^^’ Thus 
such process requires periodic cleaning/changing of the system which would 
in many cases be economically less favourable. 
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Two-liquid water-solvent systems with direct contact of the phases would 
be an excellent alternative provided that the biocatalyst is able to cope with the 
solvent phase. The principle advantage of using solvent-tolerant P. putida as a 
biocatalyst is the new degree of freedom in coping with toxic solvents^. 

Most conventionally used biocatalysts such as E. coli can only withstand 
solvents that have a logP > 5 sufficiently. For this reason solvents such as 
octane (logPo/w = 4.6), dodecane (logPo/w = 6.2), hexadecane (logPo/w = 8.5) 
and bis(2-ethylhexyl)phthalate (BEHP) (logPo/w = 8) were previously 
applied in two-liquid water-solvent processes for the production of several 
hydrophobic epoxides^ styrene oxide^^’ and benzaldehydes^’ ^ with 
E. coli as the biocatalyst. However, these solvents are not necessarily the most 
appropriate as the physico-chemical nature of many hydroxylated aromatics, 
aldehydes, alcohols and epoxides are such that they are more effectively 
removed from the aqueous phase by less lipophilic (more toxic) solvents, with 
a logPo/w between 3 and 5. 

In the bioproduction of styrene oxide from styrene in E. coli a two- 
liquid water-BEHP system was applied. From pilot-scale fermentation studies 
it was concluded that further optimization of styrene oxide production could 
be reached if styrene concentrations in the system would be higher^^. This 
could have been brought about by application of a more polar solvent with 
lower logPo/w. However, E. coli is not able to tolerate higher styrene concen- 
trations nor such second solvent phase and thus this process appeared to have 
reached its final limitation. Two possible escape routes were suggested to over- 
come these problems. The first involved transfer of solvent-tolerant properties 
from R putida strains to the E. coli production strain. The second route 
involved the use solvent-tolerant R putida as a host for this process^^. The first 
option appears to be not realistic in view of the fact that solvent-tolerance in 
R putida is achieved by various different cellular mechanisms that are inter- 
linked in a still not clarified fashion. Functional expression in E. coli therefore 
appears far fetched. However, the use of R putida as a host for these types of 
bioconversions in general appears an attractive concept. 

A proof of principle illustrating the versatility of a solvent-tolerant 
R putida strains in water-solvent systems was demonstrated by the bioconver- 
sion of toluene into 3-methylcatechol in a two-liquid water-octanol system^^’ 
Such process is not feasible with E. coli as the substrate, product and extractant 
phase are already lethal for this organism in very low concentrations. Octanol 
was chosen as the extractant phase as its lipophilicity (logPo/w = 2.9) is closer 
to that of 3-methylcatechol (logPo/w = 1.5) compared to commonly used less 
toxic solvents like octane, dodecane, hexadecane and BEHP. 

In a two phase water-octanol system 97% of the 3-methylcatechol and 
over 99% of the toluene (logPo/w = 2.6) will partition to the octanol phase. The 
production of 3-methylcatechol in a 1:1 octanol/aqueous two-phase system was 
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Figure 5. Accumulated aqueous and octanol concentrations of 3-methylcatechol as a function of 
aqueous and octanol toluene concentration in a 1:1 octanol/aqueous two-phase system. Adapted 
from Hiisken et al?^. 



monitored at different initial toluene concentrations (Figure 5). It was shown 
that 3-methylcatechol accumulated in the octanol phase to a concentration of 
10 g/L, whereas in a single aqueous system maximally 2 g/L was attained. 

5.2. Pseudomonas for Green Production of Chemicals 

As outlined in the introduction of this chapter there is an increasing drive 
to develop sustainable production processes in the chemical manufacturing 
industry. It is expected that whole-cell biocatalysis will be the key process for 
the production of chemicals from renewable resources such as plant materials 
(sugar). Already microorganisms are employed for the production of anti- 
biotics, vitamins and amino acids from sugars. For the production of (fine)- 
chemicals, which are normally not synthesized by the metabolic machinery of 
micro-organisms green production processes are still at their infancy. However, 
chemical companies have initiated development of such processes. For example, 
Dupont and Genencor have announced the development of a bioprocess for the 
production of 1,3 -propanediol from sugars rather than from fossil fuel. 

Green chemical production is based on the conversion of central 
metabolites, such as amino acids, into a given final product via one or two 
conversions. These extra conversions can be effectuated by the introduction of 
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Figure 6. Schematic representation of bioproduction of compounds from an added external 
compound or from a primary metabolite driven by a solvent efflux system. 



appropriate (foreign) genes into the biocatalyst. The production of, for example, 
aromatics may thus proceed from aromatic amino acids. Cells under normal 
conditions carefully avoid accumulation of central metabolites. However, the 
drain caused by the conversion of the metabolite into the final product will 
keep the metabolic flow running. 

In such process it is thus of eminent importance to constantly remove the 
final product from the cell in order to continuously drive the equilibrium of the 
reaction towards the product and to pull the relevant metabolic machinery 
(Figure 6). Here the solvent efflux pumps of Pseudomonas strains may play a 
key role. As outlined in Section 3.3 some of these pumps have been shown to 
possess a broad substrate specificity ranging from aromatics to alkanes and 
alcohols. Hence, the solvent efflux pumps of Pseudomonas strains not only 
provide a means to combat toxicity in a given bioconversion process, but could 
also prove to be excellent drivers of any metabolic chain that converts renewable 
substrates into (fine-)chemicals. 



6. CONCLUSION 

An economically feasible biological alternative for the chemical synthe- 
sis of many (fine-)chemicals would be highly desirable for the sake of highly 
specific and sustainable, green, production processes. Bioproduction of many 
compounds of interest, such as substituted aromatics, aldehydes, alcohols, and 
epoxides is a constant battle against toxicity. It is increasingly recognized that 
Pseudomonads, in particular solvent-tolerant P putida, have acquired excellent 
mechanisms to deal with this toxicity. 

Although P putida has long been recognized as a versatile biocatalyst, 
its application as such is by far not as widespread as compared to E. coli. 
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But in the past few years many constraints with respect to engineering 
biocatalytic processes based on R putida strains as hosts have been lifted due 
to the advent of genetic engineering tools and the increasing understanding of 
metabolic pathways as well as mechanisms of solvent-tolerance. 

Recently the genome of R putida KT2440 was annotated, which has 
revealed its non pathogenic nature^®. In addition a global view was obtained 
on the degradation of aromatic compounds by R putida^^. A genome-scale 
in silico representation of the metabolic and transport network of R putida has 
been developed on the basis of annotated genome sequence data combined 
with current biochemical knowledge and physiological information^^. 

These developments are of eminent importance for designing more 
efficient whole-cell production processes with Rseudomonas on centre stage. 

In term this will significantly add to the green, economically feasible 
alternatives for chemical production methods. 
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1. INTRODUCTION 

Conventional agriculture relies heavily on the application of agrochemical 
inputs, including herbicides and fungicides to maintain consistent high yields 
and to protect crops against pathogens. Nevertheless, despite the widespread 
use of agrochemicals, increased awareness of possible adverse effects on 
human health and the environment has fuelled the desire for more sustainable 
alternatives to conventional agricultural practices. Reducing chemical inputs 
in agriculture requires, however, the availability of realistic alternatives for the 
control of plant pathogens. It has long been recognised that some naturally 
occurring bacteria and fungi are antagonistic to crop pathogens and may 
provide such alternative approaches. Utilisation of microbial inoculants for 
sustainable agri-industrial applications such as phytostimulation, biofertilisa- 
tion, bioremediation and biocontrol has been the subject of a number of recent 
reviews^’ For a biocontrol strain to be successful, there are 

certain requirements that need to be fulfilled. These include the ability to 
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survive in the rhizosphere and to compete against the resident microbial pop- 
ulations, as well as providing protection for the plant against pathogens at the 
time and site of infection^^. Characteristics of the soil-borne fluorescent 
Pseudomonads have highlighted this group of rhizobacteria as ideal candidates 
for use in biocontrol applications^’ Despite the intrinsic suitability of a 
number of these microbial strains, there are some limitations that have 
restricted their success as commercial alternatives to fungicides. A major lim- 
itation has been difficulty in transferring successful microcosm and green- 
house results into field situations. Variable efficacy in the field can be due to 
external factors such as particular soil, climatic, crop or pathogen conditions, 
but it can also be a consequence of traits that are intrinsic to the bacterial 
strain. These include reduced ecological fitness and poor colonisation efficacy 
in certain agricultural systems, and inadequate production of required antifun- 
gal metabolites at the time and concentration they are required to control dis- 
ease. It is clear from work to date that a better understanding of the 
biochemistry and ecology of biocontrol strains is central to overcoming these 
obstacles to create effective strains for field applications. 

Three major mechanisms by which Pseudomonas strains control phy- 
topathogenic fimgi have been put forward. First, because of their broad meta- 
bolic diversity and ability to colonise the rhizosphere in high numbers. 
Pseudomonads are very effective competitors for nutrients in the rhizosphere. 
This can provide a competitive edge over many pathogens and can lead to 
niche-exclusion of some phytopathogens. Another significant advantage 
comes from the ability of Pseudomonads to compete very effectively for iron, 
which is generally limited in soils. In the Pseudomonads, sophisticated and 
diverse iron uptake systems exist, with the majority of strains producing com- 
plex peptidic siderophores, namely pyoverdines or pseudobactins^^’ These 
siderophores bind ferric iron and the resulting complexes are recognised and 
taken up by specific outer membrane receptors^^. Pseudomonas siderophores 
have been implicated in the ability of these bacteria to colonise diverse eco- 
logical niches and to compete with pathogens for iron. The second mechanism 
relies on the fact that some strains, without causing disease themselves, acti- 
vate plant defences against disease, leading to a state known as induced sys- 
temic resistance (ISR) in the plant^’ Plants in which ISR has been 

triggered are intrinsically more resistant to pathogen attack. The detailed mech- 
anism by which ISR comes about remains to be folly determined, though there 
has been a report implicating siderophores in the process'^. In the case of the 
third mechanism, many Pseudomonas strains produce extracellular enzymes 
and metabolites that are directly antagonistic to fongal pathogens. The diver- 
sity of antifungal metabolites produced by Pseudomonas biocontrol strains 
is illustrated in Table 1. Phenazines and 2,4-diacetylphloroglucinol (PHL) 
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Butyrolactones P. aureofaciens R ultimum, Phytophthora Canola, Canada Gamard et al., 1997 

63-28 cryptogea 

OomycinA P fluorescens Hy31a P ultimum Barley, USA Gutterson «/., 1986 

Aemgine Pfluorescens Colletotrichum orbiculare. Mountain forest soil, Lee et al., 2003^^ 

MM-B16 Phytopthora capsid Korea 
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are the most frequently exploited classes of antifungal metabolites in 
Pseudomonads, and these have been extensively studied in the context of bio- 
control. More recently, lipodepsipeptides, a novel class of metabolites involved 
in Pseudomonas mediated antagonism against fungal pathogens, have been 
identified. On a comparative scale, however, less information about these 
molecules is available at this stage. 

The aim of this chapter is to provide an overview of recent developments 
regarding the biosynthesis and regulation of PHL and phenazines in 
Pseudomonas biocontrol strains. These metabolites are produced by many 
antagonistic strains, and PHL production in particular, has long been associ- 
ated with naturally disease-suppressive soils^^’ The application of recom- 
binant DNA technology has been an important tool in establishing irrefutable 
direct links between biocontrol efficacy of soil-borne Pseudomonads and pro- 
duction of antifungal metabolites^^’ It is now possible with advances 

in biochemical and functional genomic-based technologies to develop strate- 
gies to improve antifungal metabolite production in Pseudomonas biocontrol 
strains. These include reprogramming genetic regulatory circuits governing 
antifungal metabolite biosynthesis. Functional genomic approaches to enhanc- 
ing antifungal metabolite production are being further facilitated by the release 
of full draft and finished genome sequences of a number of Pseudomonas 
strains namely. Pseudomonas fluorescens strains Pf-01 (JGC), Pf-5 (TIGR) 
and SBW25 (Sanger Centre), Pseudomonas putida strain KT2440^^’ 
Pseudomonas syringae (TIGR) and Pseudomonas aeruginosa strain PAOl^®^. 
By understanding the mechanisms regulating biosynthesis of PHL and 
phenazines, progress can be made towards the development of a new genera- 
tion of microbial inoculants that may be realistic alternatives to fungicides. 

2.1. Structure and Biosynthesis of Phenazines 

Phenazine compounds encompass a large family of heterocyclic 
nitrogen-containing compounds produced almost exclusively by bacteria of the 
genera Pseudomonas, Streptomyces, Nocardia, Sorangium, Brevibacterium 
and Burkholderia^^^ . There are currently over 50 known phenazine compounds 
with the same basic structure, differing only in the derivatisation of the hetero- 
cyclic core. These modifications largely determine the physical properties of 
phenazines and influence their biological activity against plant and animal 
pathogens. The more common phenazines produced by Pseudomonads are 
illustrated in Figure 1. Phenazine compounds possess a broad range of biolog- 
ical activity against fungi and other bacteria. Although this activity is not 
entirely understood, it is thought that phenazines diffuse across the membrane 
and undergo redox cycling in the presence of reducing agents and molecular 
oxygen resulting in the accumulation of toxic superoxide ( 02 ~) and hydrogen 
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Figure 1. Structures of phenazines produced by Pseudomonads. The phenazine derivatives that 
have been commonly detected in Pseudomonas species are shown. P. fluorescens 2-79 produces 
phenazine- 1 -carboxylic acid. P aeruginosa PAOl is known to produce l-hydroxy-5- 
methylphenazinium betaine (pyocyanin), phenazine- 1 -carboxamide and 1-hydroxyphenazine. 
P aureofaciens 30-84 produces 2-hydroxyphenazine, 2-hydroxyphenazine-l -carboxylic acid 
and phenazine- 1 -carboxylic acid. Pseudomonas chlororaphis PCL1391 produces phenazine- 1- 
carboxamide. For clarity, the species name P aureofaciens is used throughout this chapter to refer 
to the specific strain P aureofaciens 30-84, although P aureofaciens is now reclassified as part 
of the P chlororaphis lineage. 



peroxide (H2O2). This overwhelms the cellular superoxide dismutases 
of the cell and eventually leads to cell injury and death^^. Tolerance of 
Pseudomonads to their own phenazines may be mediated by cellular super- 
oxide dismutases, and there are some data linking activity of superoxide 
dismutases and phenazine production in R aeruginosa^^^^ , 

Early studies with radiolabelled precursors revealed links between 
phenazine biosynthesis and the shikimic acid pathway in several microorgan- 
isms^®^. This pathway is responsible for synthesis of the aromatic amino acids 
as well as a range of secondary metabolites in bacteria (Figure 2 ). Based on 
structural and functional analyses, phenazine molecules are products of the 
common bacterial aromatic acid pathway, in which chorismate is the probable 
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Figure 2. Pathway for phenazine biosynthesis. Phenazines are products of the bacterial common 
aromatic amino acid pathway, with chorismic acid as the probable branch point intermediate. 
PhzC increases flux into the shikimic acid pathway to provide chorismic acid for phenazine 
biosynthesis. Other proteins involved in synthesis of chorismate are constitutively expressed. The 
proteins involved in the conversion of chorismate to phenazine- 1,6-dicarboxylic acid are indi- 
cated. The mechanism of subsequent modification to phenazine- 1 -carboxylic acid (PC A) is not 
known. PCA is an endpoint in some species but in others it can be further modified to form dif- 
ferent phenazine molecules as indicated. P aureofaciens 30-84 produces phenazine- 1 -carboxylic 
acid and, by the action of PhzO, 2-hydroxyphenazine-l -carboxylic acid. 2-hydroxyphenazine is 
also produced spontaneously from 2-hydroxyphenazine-l -carboxylic acid in this bacterium. 
Phenazine- 1 -carboxamide, produced by both R aeruginosa and R chlororaphis, is produced from 
phenazine- 1 -carboxylic acid by the action of the PhzH protein. R aeruginosa also possesses PhzS, 
which is responsible for the production of 1-hydroxyphenazine and, in concert with PhzM, 
pyocyanin. End products of phenazine biosynthesis are boxed. 



branch point intermediate^ ^ Two molecules of chorismic acid are believed to 
form the phenazine nucleus via a condensation reaction^^’ although the pre- 
cise chemistry remains to be elucidated. A number of other intermediates are 
produced, culminating in the formation of phenazine carboxylic acid (PCA)^^. 
In some bacteria, other phenazines are subsequently derived from PCA. 
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2.2. Genetics and Biochemistry of Phenazine Biosynthesis 

Fluorescent Pseudomonas spp. are, to date, the only microorganisms for 
which the genes responsible for the assembly of the heterocyclic phenazine 
nucleus have been cloned and sequenced^"^’ The core phenazine locus, 

which is responsible for phenazine- 1 -carboxylic acid (PC A) synthesis, is highly 
conserved among fluorescent Pseudomonas spp. (Figure 3). Depending on the 
strain or species, additional genes may be present that encode specific enzymes 
that modify PCA to yield a variety of different phenazine products. The genes 
involved in phenazine biosynthesis in Pseudomonas aureofaciens 30-84 were 
the first to be cloned and sequenced and termed phzXYFABCD^^’ In other 
phenazine producing Pseudomonads, this operon is termed phzABCDEFG 
and, except when discussing P aureofaciens 30-84, this nomenclature will be 
used throughout this chapter. 

The proposed biochemical pathway for synthesis of the major 
phenazines in Pseudomonads is depicted in Figure 3. This is based on a study 
of the phenazine biosynthetic operon in P fluorescens 2-79 carried out by 
Mavrodi and co-workers^^. The predicted amino acid sequence of PhzC shares 
similarity with 3-deoxy-D-arabino-heptulasonate-7-phosphate synthases 
(DAHP synthases), which catalyse the first reaction in the shikimic acid path- 
way, the condensation of erythrose-4-phosphate and phosphoenol pyruvate 
phzC is expressed in late growth phase and may increase substrate flow into 
the shikimic acid pathway to ensure sufficient chorismic acid for PCA pro- 
duction. The remainder of the enzymes needed for chorismate biosynthesis are 
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Figure 3 . Organisation of the phenazine biosynthetic operon. Schematic representation of the 
phenazine biosynthetic operon in selected fluorescent Pseudomonas spp. The core seven gene 
operon is conserved in all phenazine-producing species of Pseudomonas in which the biosynthetic 
genes have been characterised. Additional genes providing further functionality and regulation are 
present in some strains as indicated (adapted from ref [21]). 
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probably encoded by the constitutively expressed genes aroD, aroB, aroE, 
aroL, aroA and aroC. The PhzE protein is most closely related to anthranilate 
synthase (AS) enzymes involved in biosynthesis of tryptophan and it has been 
postulated that this protein functions as an aminodeoxyisochorismate (ADIC) 
synthase to form ADIC from chorismate. PhzD shares sequence similarity 
with 2,3-dihydro-2,3 dihydroxybenzoate synthases, including the E. coli entB 
gene which catalyses the hydrolysis of pyruvate from isochorismic acid^\ 
suggesting that, PhzD may remove the pyruvate side-chain from ADIC to yield 
3 -hydroxy anthranilic acid. The phzF and phzG gene products are believed 
to catalyse the condensation of two molecules of 2-hydroxyanthranilic acid to 
generate phenazine-l,6-dicarboxylic acid from which PCA is derived, 
although the details of that final reaction remain to be elucidated. The role 
played by the phzA (phzX) and phzB (phzY) gene products is as yet unclear. 
These genes, which are conserved in all phenazine loci, are remarkably simi- 
lar to each other, suggesting that they may have evolved from a gene duplica- 
tion event^^. Functional analyses indicate that these genes may influence the 
type and relative amounts of aromatic and heterocyclic phenazine compounds 
synthesised and may also function to stabilise a postulated multi-enzyme 
phenazine biosynthetic complex. In the absence of these two genes, the 
biosynthetic system functions, but the specificity and efficiency of phenazine 
biosynthesis decreases dramatically^^. 

The core pathway responsible for PCA synthesis is conserved among 
fluorescent Pseudomonads. Specific strains carry additional genes that encode 
enzymes that further modify PCA to yield a variety of different phenazine 
products (Figure 3). R aureofaciens 30-84 contains a gene designated phzO 
located downstream from the core phenazine operon that encodes a 55 kDa 
aromatic mono-oxygenase^"^. PhzO is responsible for the hydroxylation of 
phenazine- 1 -carboxylic acid to produce 2-hydroxyphenazine-l -carboxylic 
acid by facilitating the addition of a hydroxyl group to PCA at the ortho posi- 
tion relative to the carboxyl group. It is thought that the subsequent decar- 
boxylation of 2-hydroxyphenazine-l -carboxylic acid to 2-hydroxyphenazine 
occurs spontaneously. A mutant of R aureofaciens 30-84 inactivated in phzO 
produces only phenazine- 1 -carboxylic acid^"^. 

Rseudomonas chlororaphis PCL1391 controls tomato foot and root rot 
caused by Fusarium oxysporum f sp. radicis ly coper sica. The biocontrol activ- 
ity associated with this bacterium is mediated by the phenazine compound 
phenazine- 1 -carboxamide (PCN)^®. In R chlororaphis, the phzH gene lies 
downstream of the phzA-G operon^^ A phzH mutation results in a strain 
unable to produce phenazine- 1 -carboxamide, and instead produces the precur- 
sor PCA in amounts similar to those of phenazine- 1 -carboxamide produced by 
wild-type strains^ ^ The phzH gene product has similarity to asparagine 
synthases, which catalyse the transfer of the amido nitrogen of glutamine to 
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aspartate to produce glutamate and asparagine^^. This similarity and the accu- 
mulation of phenazine-1 -carboxylic acid in a phzH mutant suggest that PhzH 
functions to convert the carboxylic moiety of phenazine-1 -carboxylic acid 
to the 1 -carboxamide group. This conversion may influence the biocontrol 
ability of R chlororaphis strains since the phzH mutant appears to lose its 
biocontrol ability against Fusarium^^. 

Strains of R aeruginosa produce a variety of redox-active phenazine 
compounds including pyocyanin (1 -hydroxy-5 -methylphenazinium betaine), 
phenazine-1 -carboxylic acid, 1-hydroxyphenazine and phenazine- 1- 
carboxamide^^’ Ninety to ninety-five per cent of R aeruginosa isolates pro- 

duce pyocyanin, a compound which is an important virulence factor in this 
opportunistic pathogen^^’ Two independent functional phenazine 

biosynthetic loci that are homologous to those of other Pseudomonads have 
been cloned from R aeruginosa PAOl (Figure 3)^^. The conversion of PCA to 
pyocyanin is mediated by products of two genes termed phzM and phzS 
(Figure 2). phzM encodes a putative phenazine-specific methyl transferase, 
and phzS encodes a flavin-containing mono-oxygenase^"^. A third gene desig- 
nated phzH, which is a homologue of phzH in R chlororaphis PCL1391, con- 
trols synthesis of phenazine-1 -carboxamide from PCA^^. In R aeruginosa 
PAOl, the phzM and phzS genes are located flanking one of the core biosyn- 
thetic operons (Figure 3), whereas the phzH gene is distally located. 

3.1. Structure and Biosynthesis of 
2,4-Diacetylphloroglucinol 

The natural products monoacetylphloroglucinol (MAPG) and 2,4- 
diacetylphloroglucinol (DAPG/PHL) are produced by many fluorescent 
Rseudomonas spp. of diverse geographical origins^"^, though synthesis has been 
best studied in R jluorescens. These two molecules consist of a conjugated 
aromatic ring with either an acetyl group located at position 2 in the case of 
MAPG, or at positions 2 and 4 in the case of PHL (Figure 4A). The alternating 
positions of the hydroxyl groups on the benzenic ring intuitively suggest that 
the MAPG is synthesised via a polyketide pathway^^. MAPG is believed to be 
synthesised by the sequential condensation of one molecule of malonyl-CoA 
with three molecules of acetyl-CoA, though the precise chemistry has not been 
determined. MAPG is a precursor molecule and is subsequently converted 
to PHL by the addition of a further acetyl group^^. The kinetics of PHL pro- 
duction are interesting, with maximum production occurring during late 
logarithmic/early stationary phase (Figure 4B). Following peak production, 
PHL levels fall rapidly, indicating that PHL is either degraded (possibly via 
MAPG) or further processed into a more complex molecule. There is limited 
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Figure 4. Synthesis of phloroglucinol by R fluorescens. (A) Proposed biosynthetic pathway for 
phloroglucinol. PHL is believed to be synthesised from the precursors acetyl-CoA and malonyl- 
CoA via the intermediate MAPG. The precise biochemistry is not known, however, the putative 
enzyme activities are indicated. (B) Kinetics of Phi production by P. fluorescens FI 13. Phi pro- 
duction by a culture growing in minimal medium is shown. The level of PHL in the growth media 
reaches a maximum early in stationary phase and drops sharply thereafter. 



information currently available on the fate of PHL, and on the kinetics of pro- 
duction in situ in the rhizosphere, though it can be detected in that environ- 
ment^^. Although PHL is known to have activity against a broad spectrum of 
target organisms, there is little information on its mode of action. It appears not 
to possess membraneolytic activity and there have been suggestions that PHL 
may impair electron transport systems but no specific mechanisms of action 
have been proposed. The mechanism of resistance of producing strains is also 
not known, but it is believed that export of PHL by the PhlE permease proba- 
bly contributes to this resistance (see Section 3.2). 
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3.2. Genetics and Biochemistry of PHL Biosynthesis 

The genes involved in the biosynthesis of PHL have been characterised 
from several Pseudomonas strains. Genetic and sequence data show that the 
phi locus from R fluorescens FI 13 and Q2-87 is located on a genomic DNA 
region comprising a number of functionally linked transcriptional units^’ 
Although sequence of the full operon is not available from the strain 
R fluorescens CHAO, partial sequence indicates a similar genetic organisation 
probably occurs in this strain^^. Thus, it is believed that the organisation of the 
locus, comprising both structural and regulatory genes, is conserved in PHL- 
producing Pseudomonads (Figure 5). Although none of the structural proteins 
has been characterised biochemically, functions have been ascribed to these 
proteins based on genetic studies and sequence analysis. 

The structural gQxiQs, phlA, phlC, phlB and phlD are believed to be tran- 
scribed as a single operon, phlACBD^ . It remains a possibility, however, that 
phlD is also transcribed independently as the phlB-phlD intergenic region is 
approximately 150 bp long and has motifs bearing similarity with consen- 
sus recognition sequences. These potential DNA polymerase binding sites 
are present in R fluorescens strains FI 13 and Q2-87. phlD gene encodes a pre- 
dicted protein of 349 amino acids and is highly conserved (81-97%) between 
the Pseudomonas spp. for which full-length sequence is available. PhlD pre- 
sents striking homology with chalcone and stilbene synthases (CHS/STS) 
from plants and based on its sequence can be classified as a type III polyke- 
tide synthase^’ Plant CHS enzymes function as homodimers and catalyse 
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Figure 5. Organisation of the PHL biosynthetic operon. The major genes of the phi biosynthetic 
operon have been cloned from P. fluorescens FI 13 and Q2-87. The putative function that has been 
assigned to each open reading frame is indicated. Heterologous expression studies have shown that 
phlA-phlD encode the proteins required for synthesis of PHL. phlE is believed to encode a per- 
mease and phlF a transcriptional repressor. Only in the case of PhlF, has biochemical data con- 
firmed the functional assignment. In R fluorescens CHAO, two putative genes phlG and phlH, 
were identified 3' (downstream) of phlF (not shown), though the roles played by the proteins 
encoded by these genes is not known. 
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both condensation and cyclisation steps, with malonyl-CoA constituting the 
extender unit in these reactions^ This would suggest that PhlD catalyses the 
condensation of linear primer molecules such as malonyl-CoA and acetyl- 
Co A, to form MAPG (Figure 4)^’ Phi A, PhlC and PhlB are believed to 

catalyse the transacetylation of MAPG to PHL (Figure 4). Mutation of any one 
of these genes abolishes both MAPG production and in vitro transacetylation 
activity, suggesting that these proteins may function collectively^. The inter- 
genic regions phlA-phlC and phlC-phlB are very short and do not contain 
known sigma factors recognition sequences supporting the experimental data 
that phlA, phlC and phlB are transcribed as single polycistronic RNA. The 
phlA promoter has been studied experimentally in R fluorescens FI 13 and is 
located some 363 base pairs upstream of the ATG translational start in this 
strain. Putative -10 and -35 elements directing transcription are con- 
served in R fluorescens strains FI 13, Q2-87 and CHAO^. The phlA gene 
encodes a protein with a predicted molecular mass of approximately 38 kDa. 
Database searches indicate that PhlA shows some homology to P-ketoacyl- 
acyl-carrier protein synthases III from Archaea (FabH; 36%) and Eubacteria 
(FabH; 19%). These proteins are involved in fatty acid production and, in 
E. coli, FabH catalyses both condensation and transacetylation reactions 
involved in the initiation of fatty acid biosynthesis^^^. The sequence similarity 
of PhlA with FabH may indicate that PhlA possesses transacetylation activity. 
phlC encodes a predicted protein of 398 amino acids that shows 28% identity 
to the N-terminal thiolase domain of rat carrier protein-x (SCP-x)^^. The sim- 
ilarity of PhlC with the entire length of the thiolase domain of SCP-x and the 
conservation of residues at the putative active site suggest that the two proteins 
may have similar conformational features that could facilitate an interaction 
between PhlC and MAPG in a manner analogous to that between SCP-x and 
its sterol ligand. The phlB gene encodes a small protein of 146 amino acids and 
shares 34% identity with the nucleic acid-binding protein AcaC of Ryrococcus 
furiosus (Acc no. Q51796). By analogy with gene clusters involved in fatty 
acid biosynthesis, the position of the phlB gene downstream of p-ketoacyl syn- 
thase and thiolase genes suggests that it may encode an acyl carrier protein 
(ACP), though this has not been demonstrated experimentally. 

The phlE gene is located downstream of the phlACBD operon. A strong 
Rho-dependent transcription terminator sequence immediately follows the 
phlD translation stop codon indicating that phlE is transcriptionally indepen- 
dent of phlACBD. The phlE gene encodes a protein of 423 amino acids 
that shows clear homology with proteins in the major facilitator superfamily 
(MFS) of membrane transporters (Abbas and O’Gara, unpublished)^. 
Hydropathy analysis predicts that PhlE is organised in two sets of six 
hydrophobic a-helices, of 23 aa each, separated by a central hydrophilic loop, 
consistent with the 12 transmembrane helices found in this family of proteins. 
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The location of phlE in the phi locus and the predicted secondary structure of 
the PhlE protein suggest a role for PhlE in the efflux of PHL from the bacter- 
ial cell. phlE null mutants of R fluorescens strains FI 13 and Q2-87 produce 
less total PHL than the wild-type parents, but PHL export is only reduced by 
approximately 50% suggesting that PhlE is not the only export route for PHL 
from the cell (Abbas and O’Gara, unpublished)^. There are indications sug- 
gesting a wider role for PhlE in R fluorescens beyond its proposed action 
as a PHL efflux system. PhlE is implicated in resistance and tolerance of 
R fluorescens to a range of environmental stresses including high exogenous lev- 
els of PHL, high osmolality, oxidative stress and heat shock (Abbas and O’Gara, 
unpublished). Further work is required to determine the mechanism of PHL 
transport and the role of PhlE in PHL production and stress tolerance, functions 
that are important contributors to the biocontrol ability of R fluorescens FI 13. 

4.1. Regulation of Secondary Metabolite Production 

Precise regulation of gene expression in response to changing environ- 
mental conditions is necessary for survival of microbial populations. 
Accordingly, production of secondary metabolites in Rseudomonas is tightly 
controlled at the genetic level. A variety of regulatory systems play a part in 
controlling the timing and level of production of phenazines and phlorogluci- 
nol in Pseudomonads. These include global regulatory systems that control a 
large number of genes as well as pathway-specific mechanisms that are par- 
ticular to the biosynthetic genes directly involved in secondary metabolite pro- 
duction. The repertoire of control systems enable the producing bacterium to 
respond to general environmental conditions as well as to specific conditions 
of particular relevance to metabolite production. Regulation has been shown to 
operate at both the transcriptional and post-transcriptional levels, and this 
obviously creates an enhanced capacity of the bacterium to react quickly to 
changing environmental conditions. 

4.2. Regulation of PHL Production by the 
Transcriptional Repressor PhlF 

It is well established that the phlF gene, which is divergently transcribed 
from phlA (Figure 4), encodes a pathway-specific transcriptional repressor, 
PhlF^’ PhlF shows strong homology with other helix-tum-helix transcrip- 
tional repressors, particularly in the DNA binding region (Figure 6A). The 
phlF and phlA genes display opposite expression profiles during growth 
of R fluorescens^. In early to mid logarithmic phase, phlF expression is 
high and phlA low, whereas in late logarithmic and early stationary phase, 
phlF expression falls and phlA expression reaches its maximum level. 
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Free PhlF 

Figure 6. PhlF is a pathway-specific transcriptional repressor. (A) Alignment of PhlF with HTH 
DNA binding proteins. The N-terminal region of PhlF from three different strains of P. fluorescens 
(FI 13, CHAO, Q2-87) was aligned with the DNA binding domains of transcriptional regulators 
that belong to TetR family. YdeS and TetR are widely distributed reference members of this 
family of transcription regulator. The helix-tum-helix (H-T-H) DNA binding region is indicated. 
Conserved amino acids are indicated with shading and it is seen that homology is high in the 
H-T-H region supporting the view that PhlF is a protein in this class of transcriptional regulator. 
(B) Model showing mode of action of PhlF. PhlF binds to an inverted repeat sequence termed the 
phO operator in the intergenic region between the phlF and phlA open reading frames. This bind- 
ing site is downstream of the transcription start site of the phlA gene and PhlF binding inhibits 
transcription, possibly by impairing promoter clearance. PHL acts as an autoinducer by disrupting 
binding of PhlF to the phO operator, thus a positive feedback loop exists. 




phlA expression mirrors PHL production and is consistent with the view of 
PhlF as a transcriptional repressor of PHL biosynthesis. Work in vivo^^ and in 
vitro using purified components^ has established molecular details of the mode 
of repression by PhlF. PhlF, probably acting as a homodimer, recognises and 
binds to an inverted repeat sequence upstream of the phlA open reading frame, 
termed the phO operator. This binding site is downstream of the mapped tran- 
scription start site and appears to permit a low level of expression of phlA. This 
is significant, as PHL is now known to act as a positive regulator of its own syn- 
thesis by modulating binding of PhlF at the phlA promoter (Figure 6B). Other 
microbial metabolites, such as salicylate, fiisaric acid and pyoluteorin, also 
modulate the activity of phlF, though in these cases the metabolites act to 
strengthen binding of the repressor protein^’ Thus production of PHL is sub- 
ject to control by internal and external metabolites via the pathway specific 
transcription repressor PhlF. 
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The influence that environmental factors have on the biosynthesis of 
secondary metabolites is well illustrated in the case of PHL biosynthesis, 
which is sensitive to carbon, nitrogen and mineral sources^^’ Carbon sources 
such as sucrose, mannitol and fructose promote PHL biosynthesis whereas 
others such as succinate prevent synthesis. Similarly, certain amino acids (argi- 
nine, asparagine and glutamic acid) or nitrates decrease production, whereas 
other nitrogen sources such as ammonium increase PHL synthesis. It has been 
demonstrated that, at least in part, this regulation operates via modulation of 
levels of the PhlF protein by regulating transcription of the phlF gene. Using 
lacZ transcriptional fusions it was shown that in R fluorescens FI 13 sucrose 
increased transcription of phlACBD by decreasing that of PhlF. Conversely, on 
succinate phlF expression is increased leading to a decrease in phlACBD 
expression and consequently to a significant reduction in PHL production^^. 
Thus environmental factors and signals can influence production of PHL by 
modulating both the level and the activity of the PhlF protein. 

4.3. Cell Density-Dependent Regulation 

In many Gram-negative bacteria, production of secondary metabolites, 
extracellular enzymes and virulence factors is controlled by a cell-cell signalling 
system that is generally described as “quorum sensing” or “density-dependent 
gene regulation”^^’ The basis of this system is that the bacterium pro- 

duces autoinducer or signal molecules such as 7V-acyl homoserine lactones 
(HSLs) that accumulate in the growth medium and trigger expression of target 
genes when a threshold concentration is reached. The production kinetics of 
phenazines and PHL make them clear candidates for this type of regulation. 
It has been established that phenazine biosynthesis is regulated by quorum sens- 
ing in R aurofaciens, R chlororaphis and R aeruginosa^^’ Expression of 

the phenazine biosynthetic operon in R aureofaciens 30-84 is controlled by Phzl 
and PhzR, which are members of the LuxI/LuxR family of quorum sensing reg- 
ulators^^^. lux boxes are present upstream of both the phzl gene and the phz 
biosynthetic operon, enabling activation of transcription in response to high 
concentration of the autoinducer Cg-HSL (Figure 7). The central importance 
of QS for this strain is shown by the data that phenazine production is greatly 
reduced in a phzl mutant and is restored by exogenous production of C^-HSL 
by a wild-type strain^^^ R chlororaphis PCL1393 also carries phzl and phzR 
genes and as is the case with R aureofaciens 30-84, these genes are adjacent 
to the biosynthetic operon (Figure 2) and control phenazine production in a 
cell density-dependant manner via C6-HSL (HHL) production 

In R fluorescens 2-79, which produces PC A, the phzl and phzR genes are 
also present adjacent to the phz biosynthetic operon (Figure 2), and are pre- 
sumed to also control phenazine biosynthesis. In this bacterium, however. 
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A ENVIRONMENTAL SIGNAL(S) 





Figure 7. Regulation of production of secondary metabolites. (A) Phenazine regulation. Model 
for AHL and Gac-mediated control of phenazine production in R aureofaciens 30-84. Potential lux 
boxes are indicated by solid bars. It is not known whether GacA-mediated effects are direct or 
indirect, via an intermediary factor (adapted from ref. [83]). (B) Regulation of PHL biosynthesis. 
A complex regulatory network controls PHL production through regulation of expression of the 
phi biosynthetic genes. The pathway-specific transcriptional repressor PhlF is a key player whose 
expression and activity is subject to growth phase and environmental regulation. The general tran- 
scription factors encoded by rpoS and rpoD also play a role in the transcriptional regulation. It is 
also known that post-transcriptional control by the repressor protein RsmA and the regulatory 
RNA prrB also regulate PHL production, possibly by controlling translation of phlC. This post- 
transcriptional system is downstream of the environmental responsive GacS/GacA regulators and 
thus is part of a global regulatory network. 
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C6-HSL is produced at very low levels and other HSLs are likely to have more 
relevance^^. In R aeruginosa PAOl, the quorum sensing system has been 
extensively studied and has proved to be very complex, with hierarchical lay- 
ers of QS regulation^"^’ Pyocyanin biosynthesis is regulated by the rhl QS 
system^ \ which itself is regulated by the las QS system^^, and possibly by the 
Pseudomonas quinolone signal (PQS) system^^’ Thus, although phenazine 
biosynthesis is also regulated by QS signalling in R aeruginosa PAOl, the 
details of this regulation are quite distinct from other Pseudomonas bacteria 
that have been studied. 

It has not been established that phloroglucinol production is regulated 
by density-dependent signals in R fluorescens. Although many strains of 
R fluorescens produce HSL molecules^^, positive correlations between HSL 
and PHL production have not been made. Indeed, some strains, such as 
R fluorescens CHAO, which are known to produce PHL appear not to synthe- 
sise detectable HSLs. Conversely, R fluorescens FI 13, which is a strong PHL 
producer, does synthesise a repertoire of HSL molecules, the functions of 
which have not yet been determined^^. Further work will be required to deter- 
mine whether cell-cell signalling, either by HSLs or by other molecules, plays 
a role in regulating PHL production. 



4.4. Regulation by the Two-Component 
GacS/GacA System 

Two-Component Systems (TCS) regulate bacterial gene expression in 
response to environmental conditions. These systems consist of a membrane- 
bound sensor kinase (SK) and a cytoplasmic response regulator (RR). The SK 
is capable of autophosphorylation in response to an environmental signal(s). 
This phosphate group is transferred to an RR and the now phosphorylated 
(activated) RR activates transcription of its target genes. One such TCS present 
in many plant-associated Pseudomonads is the GacS/GacA (Global Antibiotics 
and Cyanide control) system, which regulates expression of multiple pheno- 
types including phenazine and PHL production"^^. In R aureofaciens 30-84, the 
system controls phenazine biosynthesis via transcriptional regulation of the 
phzl gene (Figure 7A)^^. The level of phzl expression in a gacA or a gacS 
mutant is less than 8% that of wild type. Expression is restored by comple- 
mentation of the mutations with wild-type gacA or gacS, It has been proposed 
that the Gac system may also control phenazine production in an AHL inde- 
pendent manner since C6-HSL addition does not restore phenazine production 
in gacA or gacS mutants. It is suggested that this second level of phenazine 
regulation by GacA arises because transcription of the phz genes may require 
a second factor that is under direct or indirect Gac controP^. Quorum Sensing 
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and the Gac system are also intricately linked in E aeruginosa. The Gac TCS 
fiinctions upstream of LasR and helps to regulate quorum sensing associated 
phenotypes in R aeruginosa and thus play a role in pyocyanin production in 
this bacterium^^. 

The GacS/GacA regulatory system is required for production of PHL, 
with mutation of either component completely abolishing PHL biosynthesis^^. 
At one level, transcriptional studies have demonstrated that the GacS/GacA 
system positively regulates expression of both phlACBD and phlF^^. It has 
since emerged, however, that a very significant level of control is exerted at the 
post-transcriptional level. The relevant post-transcriptional control system has 
been studied in Escherichia coli, Erwinia cartovora and Pseudomonas spp. It 
comprises a translational repressor protein (CsrA/RsmA) and a regulatory 
RNA (CsrB/RsmB/PrrB)^^’ The repressor protein binds to target 

mRNA molecules at the ribosome binding site, preventing translation and 
facilitating mRNA degradation. The regulatory RNA can bind and sequester 
the repressor protein thus allowing translation of those mRNA molecules sub- 
ject to RsmA repression. Overexpression of the PrrB RNA restored PHL pro- 
duction in GacA/GacS mutants and, conversely, overexpression of rsmA 
mimics the GacA/GacS mutation, abolishing PHL synthesis. It was further 
demonstrated that wild-type transcription of the prrB gene requires the pres- 
ence of the Gac system^ These data suggest that RsmA is a downstream reg- 
ulatory element of the GacA control system in controlling PHL production 
(Figure 7B). It has not yet been experimentally established which phi mRNAs 
are regulated by RsmA, but sequence analysis suggests that phlC may be sub- 
ject to this translational repression (O’Gara, unpublished). 

In P. aeruginosa, the link between QS and the Gac system has been 
expanded to include post-transcriptional regulation as it is now known that the 
lasi mRNA is regulated at the translational level by RsmA^^. It is clear there- 
fore that the GacS/GacA and prrB/RsmA hierarchical system is a major player 
in the regulation of secondary metabolites in Pseudomonas bacteria. 
Interaction between multiple regulatory circuits presumably allows bacteria to 
regulate secondary metabolite biosynthesis in a coordinated manner in 
response to multiple environmental signals. 

4.5. Other Regulatory Systems 

Other regulators also play direct or indirect roles in controlling the tim- 
ing and level of secondary metabolite production. The Virulence Factor 
Regulator (Vfr) protein, which is a homologue of E. coli cAMP repressor 
protein, is implicated in quorum sensing regulation via control of the las 
system^’ Alternative use of sigma factors may also be relevant and it has been 
shown that overexpression of the housekeeping sigma factor rpoD, encoding 
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or mutation of the rpoS gene, encoding (stationary phase sigma factor), 
increased PHL production^^’ In R chlororaphis, PCA production also seems 
to require an as-yet unidentified factor(s) available in spent growth media. This 
factor is capable of advancing and increasing PCA biosynthesis and is involved 
in the positive regulation of the phzl gene but is not an HSL^^. Thus in addition 
to known regulators, it is likely that novel general and specific regulators 
involved in the control of secondary metabolite production will emerge. 

5.1. Distribution of Phenazine Biosynthetic Genes 

The phenazine biosynthetic locus is not present in R fluorescens PfO-1 
nor is it found in sequenced strains of R syringae pv. tomato strain DC3000 
and R putida KT2440, none of which produce phenazines. From analysis of 
the phenazine biosynthesis loci, the mechanism of phenazine biosynthesis is 
highly conserved among fluorescent Rseudomonad spp. The core biosynthetic 
operon has been detected via Southern hybridisation in 21 phenazine- 
producing Pseudomonads including strains of R aeruginosa, R fluorescens, 
R chlororaphis and R. aureofaciens^^ . This operon was not detected in 
seven phenazine-producing isolates of Burkholderia cepacia, Burkholderia 
phenazinium and Brevibacterium iodinum. This indicates that the phenazine 
core pathway is highly conserved in fluorescent Pseudomonads but differs 
from that in other phenazine-producing bacteria, and that phenazine produc- 
tion probably predates strain differentiation within the fluorescent 
Pseudomonads. This implies that the phenazine biosynthetic locus has been 
lost from some lineages of Rseudomonas during evolution, whereas others 
such as the R chlororaphis lineage have maintained the locus. No evidence has 
been put forward to support an alternative possibility of gene acquisition. 
Detailed analysis of the molecular evolution and distribution of the genes 
encoding enzymes that modify PCA to other phenazines have not been carried 
out, though it was shown by Southern hybridisation that the phzO gene is 
found almost exclusively in R aureofaciens isolates^^. 

5.2. Genotypic Diversity among PHL-Producing 
Pseudomonads 

The positive correlation between disease suppressive soils and the pres- 
ence of high numbers of phloroglucinol-producing Pseudomonads is well 
established (cf. introduction). It is less well known, however, what role plants 
play in the selection of specific PHL-producing strains, or how genetic diver- 
sity between strains influences PHL biosynthesis. A number of studies have 
explored diversity among PHL-producing Rseudomonas bacteria to try to 
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address these issues. Phylogenetic groupings have been deduced from analysis 
of 16S rRNA sequences using ARDRA, and from whole genome analysis 
using RAPD, ERIC and BOX primer sets. Although interpretation of the col- 
lective data sets are hindered by the fact that not all workers have used identi- 
cal methods and primers sets, the general findings are consistent between 
studies. ARDRA analysis identifies 3-4 phylogenetic groups, with RAPD 
methods identifying between 17 and 39 further subgroups within these, 
depending on the primer sets and strains chosen^^’ Since it 

is known that not all strains have equivalent biocontrol ability, considerable 
effort has been devoted to analysing diversity within the phi biosynthetic locus 
of these strains. Based on Southern blotting of a limited number of strains, it 
was suggested that all PHL-producing Pseudomonas carry the phlA-D biosyn- 
thetic genes^"^, and the demonstration that phlD sequences can be amplified by 
PCR from all PHL-producing strains supports this conclusion^ RFLP analy- 
sis by several groups indicated that here is a high level of diversity in the phlD 
gene but the significance of this for PHL production remains unclear^^’ 

81 , 82 , 91, 92, 115 y^ttempts have been made to correlate particular phlD genotypes 
with levels of PHL production in vitro and some associations do occur^^’ 
These, however, tend to be growth medium-specific, and the relationship 
between in vitro production and levels in the rhizosphere is unknown. 

Phloroglucinol production is not universal among Pseudomonads, with 
some studies showing the percentage of producers in soils being as low as 
1-2% of the Pseudomonas population. The percentage of PHL producers is 
considerably higher in plant rhizospheres and in soil that has been subjected to 
extensive monoculture with some plant species^ indicating that there is a 
strong selective pressure exerted by plants to encourage the proliferation of 
PHL-producers. This leads to the question as to whether specific strain geno- 
types or specific phlD genotypes are being selected? Most studies have 
reported tight correlations between strain phytogeny (ARDRA and RAPD 
groups) and phytogeny inferred from phlD sequences thus precluding a defin- 
itive answer to this question. Some clear findings have emerged, however. 
In soils that have been exposed to wheat monoculture, a single Pseudomonas 
genotype predominated in the population^^, and certain genotypes were 
selected by Pea cultivars growing in Fw^^/nwm-suppressive soil^^. These results, 
and subsequent analysis of representative strains^^’ show that plants do select 

for specific Pseudomonas genotypes, though whether this relates to PHL- 
production or to other traits has not been established. Counterbalancing these 
data, another study found that single plants maintained Pseudomonas popula- 
tions carrying distinct phlD alleles, indicating that selection need not be com- 
pletely exclusive^^. Some of the apparent discrepancies between the studies 
may be accounted for by differences between plant types (esp. moncot/dicot) 
and also by different soil histories (esp. monoculture vs mixed culture). 
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The variable distribution of the phi biosynthetic operon among 
Pseudomonas has led to speculation on the evolutionary history of these genes. 
Sequence analysis of phlD established that it encodes a type III polyketide syn- 
thase that is unusual in prokaryotes^. Genes in this family are found in some 
Gram-positive bacteria and are common in plants where they encode STS and 
CHS enzymes. These plant enzymes are branchpoints for the biosynthesis of 
plant secondary metabolites that play roles in defence and signalling (e.g., stil- 
benes and flavonoids), thus the unexpected presence of homologues in plant- 
associated Pseudomonads is intriguing. It has been speculated that the 
Pseudomonas phlD gene was acquired from plants by horizontal gene transfer, 
though conflicting or incomplete data leave this an open question. The correla- 
tions between whole genome and phlD phylogenies^^’ would argue against 
recent horizontal transfer, and separate clustering of type III PKS genes from 
plant. Pseudomonas and Gram-positive bacteria has been interpreted to suggest 
independent convergent evolution^^ Conversely, conservation of key residues 
between Pseudomonas and plant enzymes^ ^ and some clear anomalies in the 
phylogenetic associations^^’ would support the idea of horizontal acquisition. 
Other observations such as the absence of the phi operon in P fluorescens PfOl, 
which is closely related to producing strain P fluorescens FI 13, suggest that 
further analysis will be required to provide a definitive answer to this question. 
More genotypic analysis on non-producing strains, and clarification of 
Pseudomonas taxonomy and evolutionary relationships, should contribute to 
this question. Very little attention has been focused on the ancestry of other 
genes in the phi operon. The closest homologues to the phlA, phlC and phlB 
genes, which are reported to be co-transcribed with phlD, are found in archaea^. 
Homologues of phlE and phlF are found in other Eubacteria. Based on the lim- 
ited data available, a scenario emerges whereby genes came together from 
diverse origins to form the genetic locus responsible for synthesis of PHL. A 
more complete understanding of the biological effects of PHL may cast light on 
the selection pressures that may have facilitated this process. 



6, BIOLOGICAL ROLE OF SECONDARY 
METABOLITES IN PSEUDOMONADS 

The rationale for much of the research on biosynthesis of secondary 
metabolites by Pseudomonas has been the potent antimicrobial activity 
of metabolites such as phenazines and phloroglucinol. The general view of 
these metabolites is that their biological role is to confer an advantage on the 
producing strains over non-producing bacteria in competitive ecological 
niches. This would be analogous to antibiotic production by Streptomyces or 
bacteriocin production by lactic acid bacteria. Competitor exclusion may well 
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be the primary function of these secondary metabolites, and maximal synthe- 
sis in late logarithmic/stationary phase would be consistent with this role. As 
diverse roles for other bacterial metabolites emerge, however, it may be 
appropriate to also consider the possibility of alternative biological roles for 
some of these antimicrobial metabolites. The kinetics of phloroglucinol pro- 
duction are particularly intriguing. Synthesis is tightly controlled, primarily at 
the transcriptional level, to allow a rapid burst of synthesis towards the end of 
logarithmic growth. Rather than remaining at a high level, however, PHL con- 
centrations rapidly fall early in stationary phase, with PHL either degraded or 
assimilated into a larger molecule (Figure 4B). This pattern of production is 
more akin to that seen with autoinducer signals such as HSLs, than that which 
might be expected from an antimicrobial metabolite. Indeed, there is prece- 
dent for signal molecules being classified as antimicrobials; for example, the 
discovery that the ‘'smair bacteriocin from Rhizobium is in fact a HSL that 
controls hierarchal gene expression in that bacterium^ The identification of 
the PQS may also be salient, as quinolones have been studied for their antimi- 
crobial properties. Further consideration of possible alternative biological 
roles for PHL may also contribute to understanding how and why plants 
appear to select for PHL-producing Pseudomonas bacteria. In this regard, two 
observations stand out. First, the plant homologues, and possible evolutionary 
ancestors, of phlD encode enzymes involved in synthesis of both antimicro- 
bial and signal molecules; and second, plants have also been reported to select 
for Pseudomonas strains with the capacity to produce HSL signal mole- 
cules^^. This second observation suggests that a benefit to the plant may 
accrue by encouraging the growth of signal-producing Pseudomonas, though 
how this is sensed or mediated is unknown. Some question marks also remain 
over the importance of phenazine biosynthesis. Although expression of the 
phenazine-1 -carboxylic acid operon in a strain of P putida did not alter 
ecological fitness^^, studies with both P aurofaciens 30-84 and P fluorescens 
2-79 reported reduced survival characteristics for non-producing mutants of 
these strains^^. More in-depth studies of all these phenomena are certainly 
warranted. 

7.1. Exploiting Knowledge of Secondary Metabolite 
Biosynthesis to Generate Improved 
Biocontrol Strains 

Despite the natural ability of Pseudomonads to suppress plant pathogens, 
there has been limited success in developing effective commercial biocontrol 
products based on these strains. From a scientific perspective, this is in part due 
to variable performance of biocontrol strains due to unpredictable levels on 
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secondary metabolite production, narrow ranges of protection or poor 
colonisation under the prevailing environmental conditions. Knowledge of the 
synthesis and regulation of secondary metabolites affords an opportunity to 
apply rationale design strategies to generate strains with improved biocontrol 
potential. 



7.2. Genetic Enhancement of Biocontrol Strains 

The clustered organisation of the biosynthetic genes involved in the 
biosynthesis of secondary metabolites, such as DAPG, phenazines, pyolute- 
orin and pyrrolnitrin^’ facilitates the introduction of novel biosynthetic 

capability to create strains with enhanced biocontrol traits. Re-introduction 
of extra copies of the phi biosynthetic locus into PHL-producing strains 
R fluorescens CHAO and FI 13 created strains that produced higher levels of 
PHL and had improved biocontrol ability^^’ It has also been possible 
to introduce biosynthetic operons into non-producing strains to create new 
biocontrol strains. Transfer of the phi operon into the non-biocontrol strain 
R fluorescens Ml 14 resulted in a strain with biocontrol activity against the 
phytopathogenic oomycete Rythium ultimum^^, and introduction of the core 
phenazine-1 -carboxylic acid biosynthetic operon into the (non-producing) 
biocontrol strains R putida WCS358 and R fluorescens SBW25 enhanced 
the biocontrol abilities of those strains^’ Knowing the precise bio- 

synthetic pathways also allows precise metabolic engineering of the secondary 
metabolite profile of a strain. Biocontrol strains R fluorescens 2-79 and 
R aureofaciens 30-84 contain the core PCA biosynthetic operon and synthe- 
sise PCA. Introduction of the phzH gene from R chlororaphis into these strains 
enables them to produce PCN and expanded the range of phytopathogens that 
could be controlled by these bacteria^ ^ Despite these successes, there are still 
limitations with this approach. As discussed above, biosynthesis of secondaiy 
metabolites is tightly controlled by multiple regulatory systems, including 
some operating at the post-transcriptional level. Thus, it can be difficult to 
construct strains that produce sufficient levels of the metabolite at the appro- 
priate time to control disease. Increasing the copy number of the phi operon in 
R fluorescens FI 13 did increase the level of PHL produced by this strain but 
did not lead to earlier or more sustained production^^, and disruption of the 
transcriptional repressor phlF led to advanced production but to the same level 
as the wild-type strain. A reasonable conclusion from all these studies is that 
genetic manipulation certainly has the potential to generate improved strains, 
but further knowledge of all the regulatory processes governing production is 
required to allow directed approaches to overcome these specific controls 
without impairing ecological fitness in the bacterium. 
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13 . Manipulation of Environmental Signals 
to Enhance Biocontrol 

Knowledge of how the regulatory systems that control secondary 
metabolite production operate creates opportunities to manipulate these path- 
ways using environmental cues and signals. This can be considered a comple- 
mentary approach to reprogramming pathways through genetic engineering as 
described in Section 7.2. With regard to synthesis of phloroglucinol, a number 
of molecules that enhance or reduce synthesis have been identified. The sig- 
nals studied to date work by modifying the levels or activity of the transcrip- 
tional repressor PhlF. Thus, adding succinate to cells leads to high levels of the 
PhlF protein and consequent low levels of PHL, with other carbon and nitro- 
gen sources having opposite effects (O’Gara, unpublished). Other signals such 
as PHL itself, salicylic acid and fusaric acid modulate the interaction between 
the PhlF and its target site at the phlA promoter, thereby altering PHL levels^’ 

Adding amendments containing modifiers can alter both PHL production 
and the biocontrol abilities of strains of P. fluorescens (Mark and O’Gara, 
unpublished)^®. As further information on how regulatory pathways are 
controlled becomes available, it should be possible to design strain-specific 
supplements that will manipulate timing and levels of secondary metabolite 
production. 



8. CONCLUSIONS 

A large body of data contributing to our understanding of secondary 
metabolite production in Pseudomonas bacteria has been accumulated. 
Nonetheless, it is quite clear that there are still many unanswered questions 
and many details that need to be completed. The limitations of our knowledge 
are exemplified by the limited success in generating strains of P fluorescens 
that dramatically overproduce PHL. Obviously, construction of overproducing 
strains is complicated by the fact that several of the regulatory circuits also 
control other processes in the cell. A knowledge gap also exists between the 
performance of strains in the laboratory and in situ in the rhizosphere. 
Advances in in situ technologies such as lux or gfp reporter systems now pro- 
vide the tools to thoroughly characterise gene expression in situ and should 
deliver answers to questions such as whether in vitro and in situ levels are com- 
parable, and how environmental conditions influence expression of regulatory 
and biosynthetic genes. This may go some way to addressing why such 
variability in field performance has been observed in some studies. 

In developing future microbial biocontrol products, it may be necessary 
to consider integrating some of the strategies outlined in Section 7 with the 
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development of compatible and complementary microbial consortia. 
Combining biocontrol strains that have different targets/mode of action/kinetics 
of production may be one route forward. If this is integrated with knowledge 
on genetic pathway and interspecies signalling, it will create exciting opportu- 
nities in this field. The potential of this approach was shown by the finding of 
synergistic interaction between R fluorescens lipodepsipeptides and cell wall 
degrading enzymes produced by Trichoderma^^’ 

Further consideration also needs to be given to the regulatory and 
biosafety issues regarding microbial biocontrol strains. The general presump- 
tion is that since these are “natural” products, microbial inoculants are intrin- 
sically safer and more environmentally friendly than agrochemicals. Although 
there are grounds for believing this to be so, in many cases there has not been 
clear demonstrations that this is, in fact, the case. The issues surrounding GM 
strains are well documented, but there are certain similarities regarding bio- 
control strains and their metabolites. This has received attention from regula- 
tory authorities and it is likely that there will be an increased onus in the future 
to demonstrate that these strains are safe to humans and do not constitute an 
appreciable risk to non-target organisms (e.g. see ref [69], [114]). This will 
entail a more detailed understanding of the biology of secondary metabolites 
and their mode of action and effects on target and non-target organisms than 
we currently possess. It is clear therefore, that from several perspectives there 
is a strong scientific rationale for continuing studies on secondary metabolite 
production in Pseudomonas. 
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1. INTRODUCTION 

The production of hydrogen cyanide (HCN) by Pseudomonas aeruginosa 
and other fluorescent pseudomonads was discovered by Clawson and Young 
in 1913 when these authors identified, for the first time, cyanogenic bacteria 
isolated from different habitats^^. Although the physiological conditions favor- 
ing HCN formation were not investigated in detail, the presence of oxygen was 
recognized as being important^^. A further critical observation was made by 
Friedheim in 1934: he noted that the aerobic bacterium R aeruginosa “lives 
almost as an anaerobic organism even in the presence of air As it turned out 
later, HCN is produced optimally by P aeruginosa under microaerobic condi- 
tions^^’ to which this bacterium is well adapted^^ In 1948, Lorck found 
glycine to be the metabolic precursor of HCN in P aeruginosa^^ . Biochemical 
details of the glycine-to-HCN conversion, worked out mostly by the groups of 
Wissing and Castric in the 1970s^^’ were obtained in whole cells and cell 
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extracts of two different pseudomonads. Due to technical difficulties, the 
proteins catalyzing HCN biosynthesis in pseudomonads have never been puri- 
fied to homogeneity. Thus, the enzymatic mechanism and the structural model 
of HCN synthase, which are deduced, in part, from a genetic analysis of the hen 
structural genes in Pseudomonas fluorescens CHAO and P aeruginosa PAO 
(discussed below), should be considered as working hypotheses. HCN forma- 
tion from glycine appears to be restricted to strains of Pseudomonas spp. and 
Chromobacterium violaceum^^^ Other pathways producing cyanide occur in 
Escherichia coli and in some cyanobacteria, fungi, algae and plants^^’ 

At physiological pH and in the absence of complexing ions, HCN 
(pKa 9.3) is largely undissociated and volatile. HCN and cyanide (CN“), 
which we do not discriminate in this chapter, are highly toxic to most organ- 
isms, because of potent inhibition of many enzymes containing heme-copper, 
molybdenum or zinc ligands^^. A simple and specific bioassay for the toxicity 
of cyanide produced by P aeruginosa is based on the nematode 
Caenorhabditis elegans which is paralyzed and killed within less than 4 h 
when it crawls over a lawn of HCN-positive P aeruginosa^^ . Like many antibi- 
otics of bacterial or fungal origin, HCN is produced by Pseudomonas spp. as 
a typical secondary metabolite^^’ This implies that strains producing HCN 
are resistant to HCN at the levels produced^^’ 



2. HCN SYNTHASE 

In P fluorescens CHAO and in P aeruginosa PAO, three HCN biosyn- 
thetic genes QicnABC) are clustered and probably constitute an operon"^"^’ 
Mutational inactivation of the hcnABC genes causes loss of cyanogenesis in 
both bacterial species'^'^’ It is therefore unlikely that alternative HCN biosyn- 
thetic pathways exist in these bacteria, such as the histidine oxidation pathway 
present in some cyanobacteria^^ or the HypEF-catalyzed reactions of E. coli, 
which uses carbamoylphosphate as the precursor to deliver cyanide to the 
active center NiFe-hydrogenase^^. Artificial expression of the P fluorescens 
hcnABC cluster in E. coli leads to massive and lethal HCN production in this 
host, suggesting that these genes are sufficient to encode an enzymatic com- 
plex catalyzing the formation of HCN'^^. This putative complex is designated 
HCN synthase^^. 

The biochemical properties of HCN synthase can be summarized as 
follows. Glycine is stoichiometrically oxidized to HCN and CO 2 in a reac- 
tion which conserves the substrate’s C-N bond in HCN and which derives 
CO 2 from the carboxyl group of glycine (Figure 1). FAD stimulates the 
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Figure 1. HCN synthase reaction according to the glycine dehydrogenase modef^. In each of the 
two reactions shown, 2 H are transferred to the putative FAD coenzyme of HCN synthase, then 
2e“ are transferred either to the respiratory chain in vivo or to an artificial e~ acceptor such as 
PMS in vitro. Pyrrolnitrin and o-phenanthroline are potent inhibitors of the reaction. 



reaction in vitro, whereas pyrrolnitrin and acriflavin, inhibitors of flavin 
enzymes, and o-phenanthroline, a strong iron chelator, inhibit markedly the 
synthesis of HCN (Figure 1). In vitro, an artificial electron acceptor such as 
phenazine methosulfate (PMS) is needed to drive the reaction. In vivo, 
the electron acceptor is oxygen, involving unidentified components of the 
respiratory chain^^’ By analogy with the glycine oxidase reac- 

tion, catalyzed by the FAD-dependent ThiO (GoxB) enzyme of thiamine 
biosynthesis in Bacillus subtilis, it is postulated that hydride transfer from 
glycine to the flavin moiety of the coenzyme produces iminoacetic acid 
as an intermediate of the HCN synthase reaction"^^’ ThiO and HcnC of 
R fluorescens and R aeruginosa share 28% and 26% of amino acid sequence 
identity, respectively. Unfortunately, iminoacetic acid is too unstable to be 
handled. In conclusion, the available biochemical data suggest that HCN 
synthase is a flavoenzyme, contains one or several iron cofactors, and acts 
by transferring 4 H to the respiratory chain (Figures 1 and 2). As a system- 
atic name for HCN synthase, glycine dehydrogenase (cyanide-forming; 
EC 1.4.99.-) has been proposed^. 

The deduced amino acid sequences of the HcnA, HcnB and HcnC 
proteins of R fluorescens and R aeruginosa have 69%, 70% and 75% identity 
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with each other, respectively^ ^ Therefore, sequence motifs previously detected 
in the HcnABC proteins of R fluorescens^’ can also be found in the HcnABC 
complex of R aeruginosa. In HcnA, there is a [2Fe-2S] binding motif with 
four characteristic cysteine residues^. Using the Prosite and Pfam databases 
(ref. [5]; http://www.expasy.org/prosite; http://pfam.wustl.edu; http://hits. 
isb-sib.ch), we also recognize a [2Fe-2S] binding domain (which we had not 
identified previously) in the C-terminal part of HcnB. Both putative [2Fe-2S] 
centers in HCN synthase are of the ferredoxin-type and they could account 
for the fact that the enzyme is destabilized by exposure to oxygen^^’ and 
inhibited by o-phenanthroline^^; earlier studies have demonstrated that the 
iron- sulfur cluster of ferredoxin slowly reacts with the Fe^^ chelating agent 
o-phenanthroline"^^. HcnB and HcnC each contain a typical FAD/NAD- 
binding motif with a predicted PaP-fold, in their N-terminal parts^^’ A 
BLAST search for conserved domains in the NCBI database reveals similari- 
ties of HcnB with the pyridine nucleotide-disulfide oxidoreductase family 
(pfam 00070) and of HcnC with a family of deaminating glycine/D-amino acid 
oxidases (dehydrogenases; pfam 01266), whereas HcnA resembles the NuoG 
subunit of NADH dehydrogenase (COG 1034; http://www.ncbi.nlm. 
nih.gov)^"^’ These features lend support to a dehydrogenase mechanism 
of HCN synthase, similar to that of D-amino acid dehydrogenase"^^’ 
Furthermore, nopaline oxidase and octopine oxidase of Agrobacterium tume- 
faciens both appear to be encoded by three-gene clusters similar to hcnABC^’ 
However, an important difference should be pointed out. The imino acids 
produced by D-amino acid oxidases and opine oxidases are hydrolyzed imme- 
diately, resulting in cleavage of the C-N bond and producing a 2-keto acid^’ 

By contrast, in ThiO-initiated thiamine biosynthesis as well as in the HCN 
synthase reaction, the C-N bond is conserved^"^’ The mechanism by which 
the C-C bond of glycine is cleaved by HCN synthase remains a matter of 
speculation^’ 

HCN synthase from a Rseudomonas sp., when solubilized with the 
non-ionic detergent Triton X-100, has higher activity, compared to enzyme 
preparations obtained by sonication^^. Thus, HCN synthase may be anchored 
in the cytoplasmic membrane. Four different methods^^’ all predict 

two transmembrane helices in the N-terminal part of HcnC, although their 
previously proposed locations"^"^ are not certain. For HcnB, two methods^^’ 
also suggest two potential transmembrane segments^^, but more recent 
analyses using two new algorithms'^’ fail to reveal any transmembrane 
topology and, therefore, HcnB is more likely to be a peripheral membrane 
protein. The small HcnA subunit apparently does not have any trans- 
membrane helix. From these considerations, we propose a structural model 
for HCN synthase (Figure 2), which arbitrarily assumes a 1:1:1 subunit 
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Figure 2. Hypothetical model of HCN synthase in fluorescent pseudomonads. The enzyme 
consists of subunit A (11.5 kDa), subunit B (50.6 kDa) and subunit C (45.3 kDa). The properties 
of HCN synthase are described in the text. 



composition. The model postulates that the products (HCN, CO2) are 
released into the bacterium’s periplasm. 



3. REGULATION OF HCN SYNTHASE EXPRESSION 

Due to oxygen-sensitivity and instability of HCN synthase, most expres- 
sion studies have been based on measurements of HCN accumulated in bacte- 
rial cultures rather than on determinations of specific HCN synthase 
activities'^’ From HCN accumulation data, one can calculate the cyanogenic 
capacity of cells during growth^ however, factors regulating HCN synthase 
formation cannot be discriminated from those influencing enzyme activity by 
this approach. Isolation of the hcnABC structural genes from R fluorescens and 
R aeruginosa has allowed the construction of transcriptional and translational 
hcnA-lacZ fiisions'^'^’ These are suited to assess transcriptional and post- 
transcriptional regulation of HCN synthase expression^’ By contrast, 

the mechanisms that terminate the expression of the hen genes are unknown, 
but clearly very important for the HCN producer and its environment^^. 
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3.1. Oxygen 

In R aeruginosa, dissolved oxygen concentrations of <20 |xM in the 
culture medium induce cyanogenesis^^’ This effect is mediated by the 
transcriptional regulator ANR^^, which enhances hcnABC transcription about 
6-fold by binding to a palindromic sequence known as the ANR box, located 
upstream of the hen promoter^ ^ In R fluorescens CHAO, the inducing effect of 
ANR is >50-fold^. This difference can be explained by the fact that the ANR 
box in the hen promoter of R fluoreseens (TTGGCN4ATCAA) is more 
similar to the ANR consensus (TTGATN4ATCAA) than is the ANR box in the 
hen promoter of R aeruginosa (CTGTCN4ATCAA)^^’ ANR is closely 
related to the O2 sensor-regulator FNR of E. eoli, in terms of structure and 
mechanism^’ In R fluoreseens, half-maximal activity of ANR occurs at 
about 5 p.M 02^"^. The same value has been reported for FNR in E. eolf. Under 
fiilly aerobic conditions, FNR and ANR are inactivated, following oxidation of 
their [4Fe-4S] cofactor and dissociation of the dimeric transcriptional activa- 
tor into a monomeric form^. Strong aeration (i.e., 180 julM O2) also leads to 
complete and irreversible inactivation of HCN synthase in R aeruginosa, with 
a half-life of 10 min. The substrate glycine protects the enzyme from this 
oxidative inactivation^^’ Under strictly anaerobic, denitrifying conditions, 
R aeruginosa PAO grows well but does not produce HCN^^, whereas 
R fluoreseens CHAO ceases both growth and cyanogenesis^"^. In summary, 
cyanogenesis is optimal in the vicinity of 2 julM O2 (corresponding to about 
1% air saturation) in Rseudomonas spp.^^’ because microaerobic conditions 
induce transcription of the henABC cluster, allow electron transfer from HCN 
synthase to O2 via components of the respiratory chain, and minimize inacti- 
vation of the enzyme. 

3.2. Iron 

In both R fluoreseens and R aeruginosa, moderate concentrations 
of Fe^"^ (e.g., 20 p.M) in the growth medium stimulate cyanogenesis 
markedly^’ The ANR box in the hen promoter and the ANR protein are 
needed to bring about this inducing effect in strain CHAO^. Presumably, con- 
ditions of iron sufficiency favor the assembly of the [4Fe-4S] cofactor of 
ANR^. On the other hand, iron limitation not only impedes ANR function but 
also interferes with the activity of HCN synthase^^. 

3.3. Quorum Sensing 

In R aeruginosa, optimal HCN production in batch cultures occurs 
during the transition from exponential growth to stationary phase, at high cell 
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Figure 3. Cell density-dependent hcnA expression in R aeruginosa PAO and R fluorescens CHAO 
growing in nutrient yeast broth under mild oxygen limitation. P-Galactosidase activities of 
plasmid-bome translational hcnA'-lacZ fusions driven from the hen promoter (circles) or from 
the tac promoter (squares) were determined in (A) R aeruginosa with pME3826 {hcnA'-lacZ) 
and pME3843 {ptac-henA' - laeZ), respectively, and (B) R fluorescens with pME3219 {hcnA'- 
’lacZ) and pME6530 (ptac-henA'-' laeZ), respectively^’ In A, the activity of the hcnA'-lacZ 
fusion of pME3826 is reported on the right y-axis. Cell densities are expressed as optical 
densities (OD) at 600 nm. 



densities^^. This expression pattern is typical of quorum sensing regulation 
(see Chapter 1, Volume 2). Indeed, both quorum sensing regulators LasR and 
RhlR, together with their cognate signals V-(3-oxododecanoyl)-homoserine 
lactone (OdDHL) and V-butanoyl-homoserine lactone (BHL), respectively, are 
required for cyanogenesis^^’ Cell density-dependent expression of an 
hcnA'-lacZ translational fusion in P. aeruginosa PAO is illustrated in Figure 3 A. 
When the native hen promoter is replaced by a constitutive promoter (ptac), 
expression of the hcnA'-lacZ construct is much less dependent on the cell den- 
sity (Figure 3A), suggesting that most (but not all) of quorum sensing control 
of cyanogenesis involves the hen promoter. Genetic analysis of this promoter^ ^ 
has revealed two transcription start sites (Tl, T2) separated by 29 bp (Figure 4). 
Transcription from T2 is activated by three regulatory proteins: LasR and RhlR 
(they interact with the LUX box at -71.5 bp, probably as a heterodimer) as well 
as ANR (it interacts with the ANR box at -42.5 bp) (Figure 4). However, the ori- 
entation of the putative LasR-RhlR heterodimer has not been determined. An 
additional, less conserved LUX box (not shown in Figure 4) is located 190 bp 
upstream of T2 and makes a minor positive contribution as an enhancer to hen 
expression. Thus, this promoter architecture permits synergistic transcriptional 
activation by LasR, RhlR and ANR in the presence of OdDHL and BHL, and in 
a micro-aerobic environment^ ^ When ANR is inactive, transcription can occur 
from the upstream Tl site, controlled only by LasR and RhlR^^ 
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Figure 4. Model for the recognition of the hen promoter by the trancriptional regulators ANR, 
LasR and RhlR and their interaction with RNA polymerase in R aeruginosa. a-CTD (C-terminal 
domain of the a subunit) and a-NTD (N-terminal domain of the a subunit) of RNA polymerase 
are shown as separate domains joined by a linker. Contacts of a-CTD with upstream promoter 
sequences have not been determined experimentally, but are inferred from a study on similarly 
activated E. coli promoters^. The positions relative to the transcriptional start site T2 are indicated 
below the recognition sequences. During oxygen limitation, ANR blocks transcription from site 
T1 by binding to the corresponding -10 sequence (in brackets). During good aeration, ANR is 
inactive and the promoter is under LasR/RhlR control only, with transcription initiation at Tl. 
Adapted from ref. [51]. 



Cell density-dependent expression of an hcnA'-lacZ fusion is also 
observed in E fluorescens CHAO (Figure 3B). Intriguingly, most of this regu- 
lation persists after replacement of the hen promoter by the tac promoter 
(Figure 3B), suggesting that in this organism quorum sensing control operates 
in a different way and at a post-transcriptional level. Strain CHAO has no LUX 
box in its hen promoter and apparently does not produce iV-acyl-homoserine 
lactone signals^^’ When the 5' henA leader region is removed from 
the ptae-henA' - laeZ construct, cell density-dependent regulation is lost^’ 
The henA leader contains a target of the global GacS/GacA signal transduction 
pathway^’ This target consists of c. 12 nucleotides located at and around 
the henA ribosome binding site (RBS) and is essential for regulation by the 
GacS/GacA system^ (K. Starke and D. Haas, unpublished results). At least two 
small RNA-binding proteins, RsmA^’ and RsmE^\ are assumed to interact 
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with this target, causing post-transcriptional repression of cyanogenesis. The 
GacS/GacA two-component system upregulates the expression of two small, 
non-coding RNAs, RsmY^^ and RsmZ^^, at the end of exponential growth. 
RsmY and RsmZ antagonize the repressive action of RsmA and RsmE on 
hcnA and other target genes, by sequestering the RNA-binding proteins in 
RNA-protein complexes. In support of this model, overexpression of the rsmZ 
gene in R fluorescens CHAO and of the closely related prrB gene in R fluorescens 
FI 13 has a stimulating effect on cyanogenesis^’ and loss of gacS/gacA func- 
tion results in the loss of HCN production in R fluorescens CHAO, R fluorescens 
FI 13 and R aureofaciens 30-84^^’ Details of this signal transduction 
pathway, which appears to be widespread in Gram-negative bacteria, are 
described by Heeb et al. in Volume 2, Chapter 8. At the end of exponential 
growth, R fluorescens CHAO and many other pseudomonads produce low- 
molecular- weight signal molecules which are not related to A-acyl-homoserine 
lactones and remain to be identified chemically^^ (C. Dubuis and D. Haas, 
unpublished results). When added to growing cultures of R fluorescens, these 
signal molecules stimulate several-fold the expression of the rsmY and rsmZ 
genes and hence that of target genes such as hcnA^^^ In summary, cell 
density-related stimulation of hcnA'- lacZ expression in R fluorescens CHAO 
(Figure 3B) is essentially controlled by the GacS/GacA regulatory cascade. 

In R aeruginosa, the GacS/GacA system exerts a dual control on the 
expression of the HCN synthase genes. First, the signal transduction pathway 
described above for R fluorescens provides similar post-transcriptional control 
of hcnA expression also in R aeruginosa^^’ although the induction factor 
is smaller in R aeruginosa than in R fluorescens, as is evident from the expres- 
sion pattern of the lacZ fusions specified by pME3843 and pME6530, respec- 
tively (Figure 3A and B). Second, the GacS/GacA system upregulates 
components of the A-acyl-homoserine lactone-driven quorum sensing 
machinery in R aeruginosa and thereby indirectly has a positive effect on 
hcnABC expression at the level of transcription^^’ 

3.4. Other Regulatory Elements 

Glycine added in millimolar amounts to the growth medium stimulates 
HCN production in several isolates of fluorescent pseudomonads^ 
in strain CHAO, glycine does not enhance hcnA'-'lacZ expression^. 
The most likely explanation for the positive effect of glycine is that this com- 
pound stabilizes HCN synthase and acts as the substrate for the enzyme^^. 
Methionine and inorganic phosphate, added in millimolar concentrations 
as growth supplements, also have positive effects on HCN production in 
R aeruginosa, via unknown mechanisms^ The Rseudomonas quinolone 
signal (PQS), 2-heptyl-3-hydroxy-4-quinolone, is part of the quorum sensing 
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regulatory network of R aeruginosa^ LasR is required for PQS synthesis^^. 
PQS-negative mutants (e.g., pqsH or pqsR) are downregulated for hcnB-lacZ 
transeription and thus produce significantly reduced amounts of HCN, com- 
pared to the R aeruginosa wild type^^’ Similarly, mutation of a zinc uptake 
regulator gene (zur) leads to low PQS levels, poor hcnB-lacZ expression and 
reduced virulence in neutropenic mice^^. In R aeruginosa, a homolog of the 
BvgS sensor kinase, which is required for Bordetella virulence gene regula- 
tion, also participates in the regulation of cyanogenesis. A bvgS-likQ (PA3946) 
mutant is strongly affected in hcnB-lacZ expression and HCN production^^’ 
Furthermore, a mucA mutant of R aeruginosa, in which the alternative sigma 
factor (= AlgU = AlgT) is activated, is induced about 5-fold for hcnABC 
transcription^^. How methionine, phosphate, PQS, the BvgS-like regulator and 
regulate cyanogenesis is not known at present. 



4. CYANIDE RESISTANCE OF 
CYANOGENIC PSEUDOMONADS 

Why do HCN producers not kill themselves? R aeruginosa has four 
terminal oxidases of the heme-copper superfamily, as predicted from the total 
genomic sequence: a Z^o^-type quinol oxidase, two cbb^-Xy^t cytochrome 
oxidases and an aa^-Xy^Q cytochrome oxidase All these components of 
the aerobic respiratory chain are expected to be sensitive to cyanide at levels 
{c. 0.1 mM) typically found in microaerobic, dense R aeruginosa cultures. 
However, R aeruginosa has a fifth, cyanide-insensitive cytochrome oxidase 
encoded by the cioAB genes which does not contain a heme-copper 
center and is a M-type quinol oxidase^^’ 

The cioAB genes are inducible by low oxygen concentrations and by 
cyanide at 0.1 R aeruginosa mutants defective in the RoxSR 

two-component system show reduced cio-lacZ expression and are no longer 
inducible by cyanide. Thus, these mutants are more sensitive to cyanide than is 
the wild type. The response regulator RoxR binds to the do promoter and is 
postulated to function as a transcriptional activator of the cioAB genes under the 
control of the RoxS sensor, which responds directly or indirectly to cyanide^^. 
ANR turns out to be a repressor of the do promoter More work will be 
needed to establish the mechanisms by which low oxygen concentrations and 
the electron flow through the cyanide-sensitive branches of the respiratory 
chain coordinate the expression of the cioAB genes and the production of HCN. 

Although not supported by mutant studies, detoxifying mechanism may 
contribute to the cyanide tolerance of Rseudomonas spp. Cyanide detoxifying 
mechanisms are widespread in nature^^’ One such mechanism provided by 
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rhodanese ( 8203 “ + CN“-^ SCN“ + 803 “) may also exist in R aeruginosa, 
which produces this enzyme constitutively in the cytoplasm^^. Cyanide pene- 
trating into the cytoplasm might be scavenged and neutralized by rhodanese. 
Among several nonenzymatic mechanisms for cyanide detoxification, the 
base-catalyzed formation of cyanohydrins from aldehydes (including reducing 
sugars) and reactive ketones (R-CO-R' + HCN ^ R-C(OH)(CN)-R') can 
have biological significance. For instance, extracellular accumulation of pyru- 
vate and 2-ketoglutarate in R fluorescens NCIMBl 1764 cultures grown under 
nitrogen-limiting conditions, detoxifies cyanide by cyanohydrin formation. 
8 ubsequently this strain degrades the cyanohydrin intracellularly, resulting in 
the utilization of cyanide as a nitrogen source"^^. R aeruginosa also excretes 
2 -ketoglutarate under nitrogen limitation^^ and thus may have the capacity to 
buffer against high extracellular cyanide concentrations. A related effect can 
be seen in proC mutants of R aeruginosa which excrete glutamic-5-semialde- 
hyde (A^-pyrroline-5-carboxylate) and thereby detoxify the HCN produced^^. 



5. ECOLOGY OF HCN PRODUCTION 

In the bacterial world, the production and release of substantial amounts 
of HCN (typically 0. 1-0.2 mM, maximally about 1 mM) into the growth 
medium is confined to fluorescent pseudomonads {R aeruginosa, R fluorescens, 
Rseudomonas chlororaphis, Rseudomonas aureofaciens, and related species) 
and to C. violaceum^^^ 8 equence analysis of the hcnBC genes from 
cyanogenic, plant-associated fluorescent pseudomonads reveals four distinct 
Hen groups. These groups do not coincide with taxonomic groups based of 
168 rRNA phylogeny, suggesting that perhaps the hcnABC genes have been 
horizontally transferred between Rseudomonas spp.^^. 

HCN has several attributes of a typical, bacterial secondary metabolite: 
no apparent function in primary metabolism, production during restricted 
growth, tolerance of the producer organism to HCN, and possible roles in the 
ecological niche of the producer^’ Does cyanogenesis confer a selective 
advantage on the producer? This question is still open. By analogy with 
cyanogenic plants, which use cyanide as a chemical defense strategy against 
herbivores^^, it can be argued that bacteria producing HCN may be protected 
from predation. In the R aeruginosa-C. elegans biotest, bacterial HCN first 
paralyses, then kills the nematodes^^. In this interaction, HCN qualifies 
as a virulence factor. Cyanide has been detected in wounds infected with 
R aeruginosa^^ , thus a role of cyanide as a virulence factor in infected animal 
and human tissues is a strong possibility, especially under conditions of low 
oxygen availability. 
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A number of plant-deleterious rhizobacteria belonging to Pseudomonas 
spp. are HCN producers and it has been proposed, though without solid exper- 
imental evidence, that the negative effects of such bacteria on plant growth 
could be mediated by HCN"^’ By contrast, the fact that HCN formed by 

plant-associated bacteria can be beneficial to plants is well documented by the 
use of genetically modified biocontrol bacteria in microcosm experiments. 
R fluorescens CHAO mutants impaired in HCN production have a reduced 
ability to protect tobacco roots from the fungal pathogen Thielaviopsis 
basicola, compared to the biocontrol ability of the wild type^^’ 

Since effective root colonization is important for biocontrol, it is important to 
point out that hen mutants are not impaired in root colonization"^"^. A recom- 
binant strain of R putida constructed to produce HCN shows better 
disease suppression ability than the parental strain in a system consisting 
of wheat seedling leaves infected by Septoria tritici or Puccinia recondita 
f sp. tritici^^. In a collection of 29 strains of fluorescent pseudomonads 
examined, HCN production correlates positively with biocontrol ability^^. 
Thus, it appears that some plants can borrow cyanogenesis from selected 
bacteria, to defend themselves against pathogenic fungi. However, in another 
study, no relationship was found between the number of cyanogenic fluores- 
cent pseudomonads and the degree of disease-suppressiveness of various 
Swiss soils^^. This illustrates well the fact that biocontrol of root diseases by 
fluorescent pseudomonads is multi-factorial and not mediated by a single 
dominant trait (see Chapter 15, Volume 1, by Moenne-Loccoz and Defago). In 
conclusion, under well-defined experimental conditions, cyanide can be 
shown to act as a biocontrol factor. However, from a bacterial perspective, a 
distinction between cyanide as a virulence factor and cyanide as a biocontrol 
factor is probably not critical. 



6. CONCLUSIONS 

In cyanogenic pseudomonads, HCN production is very strictly con- 
trolled at several levels, (a) At the transcriptional level, ANR and — in 
R aeruginosa — the quorum sensing regulators LasR and RhlR act as positive 
control elements on the hcnA promoter, (b) At a post-transcriptional level, the 
GacS/GacA regulatory cascade controls the accessibility of the hcnA RBS 
with great efficacy, (c) At the protein level, HCN synthase is very sensitive to 
irreversible inactivation by high O 2 concentrations. Thus, if the idea were 
correct that HCN could serve as a chemical defense for bacteria in their 
ecological niches, then it is striking to note that the HCN producers use this 
strategy with utmost caution. 
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1. INTRODUCTION 

Polyketides are diverse natural products built from the successive 
decarboxylative condensative additions of small extender units from acids like 
malonate and methylmalonate to a starter unit (Figure 1). Without further pro- 
cessing, this would generate a keto group at carbon 3, 5, 7 etc., hence the name 
polyketide. Diversity can be generated not only by the choice of starter and 
extender units and number of condensation cycles, but also by the extent of 
processing, reduction and dehydration, at the (3-keto group of the carbon 
chain. Additional tailoring enzymes may be involved in functional group 
modifications, and another level of complexity may come with patterns of 
cyclisation and stereochemical variations. This generates a diversity of struc- 
ture and function with a wealth of important pharmacological activities includ- 
ing antibacterial, antifungal, antiparasitic, anti-cancer, anti-cholesterolemic 
and immunosuppressive properties. It is the nature of their biosynthesis that 
enables this complexity. 

Polyketide biosynthesis is catalysed by polyketide synthases (PKS). If the 
catalytic sites of PKSs are encoded by domains within large multifunctional 
proteins, then they are classified as Type I PKSs. The domains of Type I PKSs 
each encode a distinct step and may be grouped in modules, with each module 



Pseudomonas, Volume 3, edited by Juan-Luis Ramos 
Kluwer Academic / Plenum Publishers, New York, 2004. 



689 




690 



Joanne Hothersall and Christopher M. Thomas 




Growing poiyketide chain transferred back to KS or onto next KS for subsequent extension and possible reduction 
Figure 1. Polyketide biosynthesis. Ketosynthase (KS), acyl carrier protein (ACP), ketoreductase (KR), dehydratase (DH), enoyl reductase (ER). 
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encoding a specific round of condensation and reduction^^. Type I products are 
typically complex, fairly reduced structures, as exemplified by erythromycin, 
rapamycin, avermectin and tylosin^’ Fungal PKSs have a Type I archi- 

tecture with active sites on a single multifunctional protein. However, instead of 
having separate modules for each round of condensation and reduction, these 
fungal PKSs can use domains iteratively. That is, at least some of the enzymes 
are used repeatedly in successive rounds of chain extension and reduction. 
Examples of fungal Type I iterative PKSs include 6-methylsalicylic acid and 
lovastatin PKSs^^’ 

A second class of PKSs exist which are monofunctional proteins (Type II) 
that often associate in a complex. That is, the catalytic sites required for 
polyketide synthesis are carried on discrete proteins. Type II PKS products are 
typically phenolic aromatic polyketides, for example, actinorhodin, tetraceno- 
mycin, oxytetracycline and daunorubicin^'^’ One or more of the 

enzymes in Type II PKSs may also be used iteratively. 

Polyketide biosynthesis for these Type I and Type II PKSs systems 
occurs by a process similar to fatty acid biosynthesis (Figure 1). It initiates 
with a simple carboxylic acid starter unit, typically acetate or propionate, 
which is activated as a CoA thioester and transferred, possibly by an acyl- 
transferase (AT), to the cysteine group of a P-ketoacyl synthase (KS). A dicarbo- 
xylic acid extender unit, usually a malonate or methyl malonate-CoA thioester, 
is transferred to the thiol group of the phosphopantetheine arm of an acyl car- 
rier protein (ACP). The starter unit is added to the extender unit by a decar- 
boxylative condensation catalysed by KS, so the diketide remains covalently 
attached to ACP as a thioester. Depending on the type of system, the p-keto 
group of the resulting intermediate may be left unreduced or partially or fully 
reduced by the sequential action of P-ketoacyl reductases (KR), dehydratases 
(DH) and enoyl reductases (ER). The growing chain is transferred from the 
ACP back to a KS and further rounds of elongation and possible reduction 
occur to achieve the full-length polyketide chain, which may be further modi- 
fied by the activity of tailoring enzymes. The completed chain is typically 
released from the PKS by hydrolysis catalysed by a terminal thioesterase (TE) 
and may be cyclised and aromatised. 

A third class of PKSs is the Type III PKSs that are typically found in 
higher plants^^, but which have also been found in Gram-positive bacteria^^ 
and fluorescent Pseudomonads^. The Type III plant chalcone and stilbene syn- 
thases consist of a single dimeric protein, which is capable of catalysing all of 
the different PKS reactions of decarboxylation, condensation, cyclisation and 
aromatisation from a single active site cavity^"^. Unlike the Type I and II PKSs, 
the Type III PKSs lack an ACP and are not phosphopantetheinylated. Thus, 
they utilise acyl-CoA esters directly as a source of extender units instead of 
acyl-ACP thioesters. 




692 



Joanne Hothersall and Christopher M. Thomas 



Non-ribosomal peptide synthases (NRPS) are often associated with 
PKSs. These NRPSs are similar to Type I modular PKSs in their architectural 
organisation^^^. However, they encode the activation and incorporation of 
amino acids, catalysed by an adenylation domain (A), which generates 
aminoacyl-AMP and tethers it to a peptidyl carrier protein (PCP) as a thioester 
via a phosphopantetheine arm. The condensation domain (C) catalyses the 
joining of this aminoacyl-S-PCP with a downstream aminoacyl-S-PCP to 
generate a peptide bond. As with PKS, successive rounds of elongation 
occur along with optional modifications such as epimerisation, methyl trans- 
ferase and heterocyclisation. The full-length peptide chain is released from the 
PCP by the hydrolytic activity of a TE. An example of a pharmacologically 
important non-ribosomal peptide is antibacterial glycopeptide vancomycin, 
which inhibits cell wall biosynthesis. Natural products have been identified 
that are synthesised from clusters containing both PKSs and NRPSs, 
which will produce complex structures derived from both carboxylic and 
amino acids. For example the NRPS may generate an unusual amino acid 
starter unit that can then be extended by a PKS, as is the case for pyoluteorin 
biosynthesis^^’ 

This chapter will focus on five polyketides that have been well charac- 
terised in Pseudomonads. These include the phytotoxin coronatine, antifungals 
pyoluteorin, 2,4-diacetylphloroglucinol (DAPG), antibacterial mupirocin and 
the anti-tumour pederin. Interestingly their biosynthesis pathways show examples 
of Type I, II, III PKSs and NRPS organisation. 



2. PYOLUTEORIN 

2.1. Pyoluteorin Activity and Structure 

Pyoluteorin is an antifungal metabolite produced by various 
Pseudomonads, such as the biocontrol agent Pseudomonas fluorescens Pf-5^^. 
In particular, pyoluteorin inhibits Oomycete fiingi, including the phytopathogen 
Pythium ultimum, which infects many plants. P fluorescens inhabits the rhizos- 
phere and suppresses plant diseases such as seedling damping-off and root rot 
caused by seed and root infection by P ultimum!^^. 

Pyoluteorin is a chlorinated aromatic polyketide consisting of a 
resorcinol ring derived from polyketide biosynthesis attached to a bichlori- 
nated pyrrole ring^^’ (Figure 2). ^^C-labelled proline feeding experiments 
revealed that L-proline is the primary precursor to the pyrrole moiety of 
pyoluteorin^^. 
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2 . 2 . Pyoluteorin Biosynthetic Cluster 

Tn5 transposon mutagenesis and complementation of a Plt“ strain 
identified a 21 kb region responsible for pyoluteorin biosynthesis^^. Sequence 
analysis of 24 kb encompassing this region revealed 10 open reading frames 
(ORFs)^^’ (Figure 2A and B) (Accession no. AF081920). Two ORFs pltB 
and pltC, which show sequence similarity with Type I PKS are believed to 
catalyse the formation of the resorcinol ring. PltB contains two modules that 
would extend a starter unit by two acetate units from malonyl-CoA extender 
units. PltC contains one module that would then extend this intermediate by an 
acetate unit from another malonyl-CoA extender unit. Interestingly PltB does 
not contain an obvious loading domain and PltC does not contain a terminal 
TE domain typical of, but not absolutely required by Type I PKS. Both are also 
predicted to contain an inactive domain. PltB contains a KR domain which 
lacks the NADP(H) binding region required for catalytic activity, and PltC 
contains a DH domain, with limited sequence similarity to other DHs, that 
lacks the active site motif^^. 

pltE, pltF and pltL are thought to be involved in the activation of a pro- 
line derivative and generation of the pyrrole ring via a NRPS thiotemplate 
mechanism^^^. PltF shows similarity to amino acid activating enzymes. In such 
NRPS systems, an amino acid is activated to an amino acyl- AMP intermediate, 
which is subsequently covalently attached by a thioester to a phosphopanteth- 
einyl arm attached to a peptidyl carrier protein (PCP). PltL shows weak simi- 
larity to such PCP domains^^^, and PltE to acyl-CoA dehydrogenases^^. 

pltA, pltD and pltM are related to FADH 2 -dependent halogenases which 
chlorinate secondary metabolites^ and therefore may chlorinate the pyrrole 
ring. PltA and PltM, but not PltD, both contain an NADH cofactor binding 
motif. This suggests that PltD is inactive and may explain why there are three 
halogenases when the pyrrole moiety is only bichlorinated^^. The remaining 
ORFs are pltG, which is related to TEs, and pltR, which shows similarity to 
transcriptional activators of the LysR family^^. 

2.3. Pyoluteorin Biosynthesis Model 

A model for the biosynthesis of pyoluteorin from an L-proline-derived 
starter unit and 3-malonyl-CoA extender units catalysed by NRPS and PKS 
has been proposed, although the exact order of events has not yet been 
determined^^’ (Figure 2A and B). 

Thomas et al}^^ present biochemical evidence for the generation of a 
starter unit pyrrolyl-2-carboxylate by PltF, PltE and PltL. Initially L-proline 
would be activated to L-prolyl-AMP by the aminoadenylation domain of PltF, 
which would then be thioesterified to the PCP of PltL to generate L-prolyl-S-PCP. 
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The final pyrrole ring requires oxidation of this proline-derived carbon 
ring. Therefore, the bound intermediate is most likely catalysed by the L-prolyl- 
S-PCP-dehydrogenase PltE, followed by air oxidation to generate pyrrolyl-2- 
carboxyl-S-PCP^^^. Tautomerisation and subsequent aromatisation of the 
pyrroline ring to the pyrrole could be a non-enzymatic process'^. 

The lack of an obvious loading domain within PltB suggests that the 
PltE/F/L NRPS complex may activate and then transfer a starter unit onto the 
first KS of module one of PltB. Alternatively, there may be an as yet unidenti- 
fied transferase that is either inherent in the pathway or utilised from another 
pathway. The FADH 2 -dependent halogenases PltA and PltM are most likely to 
catalyse chlorination of the pyrrole ring^^’ However, it is not known if the 

pyrrolyl-2-carboxyl-S-PCP intermediate is transferred to PltB before or after 
chlorination. 

The transferred starter unit could then be extended by three malonyl-CoA 
extender units catalysed by the PKSs PltB and PltC. Formation of the resorci- 
nol ring moiety requires dehydration at C3. However, as previously mentioned, 
functional DH domains have not been identified within PltB or PltC. 
Therefore, dehydration may be a non-enzymatic reaction that occurs after 
release of the bound intermediate from the PKS^^. Generation of pyoluteorin 
requires cyclisation of the resorcinol ring, which may occur simultaneously 
with thioester hydrolysis, perhaps catalysed by PltG (TE). 

2.4. Regulation of Pyoluteorin Biosynthesis 

The contribution of pyoluteorin to suppression of R ultimum damping- 
off seems to differ depending on the host plant. In strains R fluorescens Pf-5 
and CHAO, pyoluteorin contributed minimally to suppression on cucumber, 
whereas it was required in Pf-5 for suppression on cotton"^^’ and in strain 
CHAO for suppression on cress^®. Transcriptional fusion of an ice nucleation 
gene with the pit promoter region revealed that in Pf-5 expression of the 
pyoluteorin cluster was delayed on cucumber compared to cotton, and that 
pyoluteorin production was significantly affected by the carbon source, for 
example, it was lowered by glucose^^. 

PltR shows similarity to transcriptional activators of the LysR family^^. 
Upstream of pltR is an inverted repeat that conforms to a LysR-type protein 
binding domain (an Ebright box motif) that is conserved within promoters 
activated by LysR-type proteins^^. Inactivation of pltR in Pf-5 resulted in loss 
of pyoluteorin production and reduced transcription of pltB, pltE and pltF, 
indicating that PltR is a positive transcriptional activator of pyoluteorin 
biosynthesis^^. However, the signals that induce LysR activation and the nature 
of a coinducer, which are typically required by LysR-type proteins, are not yet 
known. 
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Pyoluteorin biosynthesis is also modulated by the global regulators 
GacA, GacS and Lon, and multiple sigma factors: the stationary sigma factor 

encoded by rpoS\ a^, the housekeeping sigma factor encoded by rpoD; 
and possibly a^, the heat shock sigma factor. Amplification of rpoD increased 
pyoluteorin production in CHAO^^. GacA and GacS act together as a two com- 
ponent regulatory system required for the timely expression and accumulation 
of (j^ during transition from exponential to stationary phase^^^. GacS is a sen- 
sor protein that responds to the environment by autophosphorylation followed 
by transfer of the phosphate to its cognate response regulator GacA. GacA 
contains a DNA binding motif that would allow it to regulate gene expression 
by binding to the target gene promoter. Inactivation of GacA and GacS in Pf-5 
abolished pyoluteorin production, but paradoxically inactivation of rpoS 
resulted in increased production suggesting that RpoS must be maintained at a 
critical level, neither too high nor too low^^^. Lon shows similarity to ATP- 
dependent serine proteases, which in Escherichia coli are heat shock proteins 
that non-specifically degrade denatured or non-flinctional intracellular proteins^^. 
Upstream of Ion is a a^^-like promoter sequence, which is a homologue of 
thus transcription of Ion may require (see ref. [117]). Inactivation of Ion 
resulted in overproduction of pyoluteorin suggesting a role for proteolysis in 
the control of biosynthesis 



3. MUPIROCIN 

3.1. Mupirocin Activity and Structure 

Mupirocin is used to control Staphylococcus aureus, particularly 
methicillin-resistant S. aureus, when other antibiotics are ineffective. It com- 
petitively inhibits bacterial isoleucyl-tRNA synthase (IleRS)"^^ by interaction 
with the amino acid and ATP binding sites of IleRS^^^. Formation of Ile.tRNA 
is thus blocked, which inhibits protein synthesis. Despite low affinity for mam- 
malian IleRS"^^, mupirocin can only be used topically because it is quickly 
inactivated in the serum by hydrolysis of the ester linkage between MA and 
9-HA. Furthermore, 95% is serum bound resulting in poor bioavailability^^ 
Resistance to mupirocin is also spreading due to a gene for a mupirocin- 
insensitive IleRS^^. 

Mupirocin is a mixture of polyketide pseudomonic acids produced by 
R fluorescens NCIMB 10586. Pseudomonic acid A (C26H44O9), which accounts 
for 90% of the mixture, consists of a Cjy unit (monic acid, MA) thought to be 
derived from an unsaturated polyketide containing a pyran ring, and a C9 
saturated fatty acid (9-hydroxynonanoic acid, 9-HN)^^’ (Figure 3). 
Pseudomonic acid B (8%) has an additional hydroxyl group at C8 (see ref [19], 
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Monic acid 



9-Hydroxynonanoic acid 
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Figure 3. Structure of mupirocin (pseudomonic acid). Pseudomonic acid consists of a C 17 unit 
(monic acid) derived from an unsaturated polyketide containing a pyran ring, and a C 9 saturated 
fatty acid (9-hydroxynonanoic acid). Pseudomonic acid A: R = H; pseudomonic acid B: R = 
OH; pseudomonic acid C: R = H, ClO/Cll £^-alkene; pseudomonic acid D: R = H, C47C5' 
£'-alkene. 



pseudomonic acid C (<2%) has a double bond in place of the epoxide group 
at ClO-Cl 1^^, and pseudomonic acid D (<2%) has an unsaturated fatty acid 
side chain with an alkene group at C4'-C5'^^. Novel pseudomonic acid 
analogues have also been isolated from marine organisms, for example, 
Altermonas sp SANK 73390^^^ 

Feeding experiments with isotopically labelled substrates showed that 
pseudomonic acid A is derived from a linear combination of acetate-derived 
units, except for C16 and C17 which are derived from the methyl of 
S-adenosylmethionine (SAM) and Cl 5 which has been proposed to be derived 
from acetate via 3 -hydroxy-3 -methylglutarate (HMG)^^’ The oxygen atoms 

attached to Cl, C5, C7, C13 and C9 are acetate-derived and the Cl ester linkage 
is proposed to be formed from condensation of MA and 9-HA subunits^^. 

3.2. Mupirocin Biosynthetic Cluster 

Mutational inactivation, gene cloning and reverse genetics identified 
a >65 kb region involved in mupirocin biosynthesis^ Sequence analysis of 
a 74 kb region (Accession no. AF3 18063) revealed 35 ORFs^^ (Figure 4). The 
cluster contains six multifunctional genes with the architecture of Type I PKSs 
(mmpA, B, C, D, E and F) and various individual genes {mupE, F, J, K, Q, U 
and macpA, B, C, D, E) with predicted Type I PKSs and fatty acid synthase 
functions, and four individual genes which show similarity to Type II systems 
{mupB, mupD, mupG and mupS). It therefore seems that the mupirocin cluster 
is a combination of both Type I and Type II PKS systems. The predicted 
functions of these orfs are shown in Figure 4. 
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Upstream of the putative mupA promoter region are genes for tRNAvai 
and tRNA^sp. Southern blotting and sequence comparisons with contiguous 
sequence from the ongoing P. fluorescens SBW25 genome sequencing project 
(www.sanger.ac.uk/Projects/P_fluorescens/) revealed that mup DNA was not 
present in P fluorescens SBW25, which does not produce mupirocin, but DNA 
on the other side of the tRNA cluster was present in SBW25. This suggests that 
the mup cluster may be an insertion integrated by recombination at tRNA 
genes as observed for a number of phage and mobile elements^^. Furthermore, 
MupM showed significant similarity with several mupirocin-resistant IleRS 
and conferred mupirocin resistance on E. colP^. The mup gene cluster may 
therefore be a phenotypic island that could carry mupirocin biosynthesis and 
resistance from one strain to another. 

There seem to be some notable features that are unusual but not unique 
features of the mup pathway. First, there is a lack of obvious linear relationship 
between gene order and biosynthetic pathway. Second, there are only two 
AT domains, which are separate from the Type I modules and presumably act 
in trans. Monofunctional ATs have been identified within the pederin biosyn- 
thetic cluster described in Section 4^^. Third, there are a tandem ACP doublet 
(ACP3 and 4) and a tandem ACP triplet (ACP5, 6 and 7). These may hold 
multiple substrates prior to condensation or allow increased throughput at rate- 
limiting steps in the pathway. Tandem ACPs have also been observed in various 
Type I iterative fungal PKS, for example, WA, a naphthopyrone synthase of 
Aspergillus nidulans in which both ACPs function but only one is required^^. 
Finally, there is only a single TE despite two predicted products, MA and 9-HN. 

3.3. Mupirocin Biosynthesis Model 

A model for the mupirocin biosynthetic pathway has been proposed 
which is largely supported by the sequence^^. It has been demonstrated that 
mupirocin is derived mainly from acetate and proposed that separate PKS and 
FASs are involved in its assembly from MA and 9-HA via an esterification^^’ 
Based on other PKS/FAS systems, a plausible biosynthetic pathway for MA is 
proposed in Figure 5A. 

The mup cluster lacks an obvious loading domain, which should catal- 
yse the covalent attachment of an activated starter unit to the first KS domain 
of a PKS. No AT domains were identified within the condensation modules 
themselves so the AT domains of mmpC may perform the task of loading 
and transferring the growing polyketide chain to each KS or other unidentified 
transferase activities may be involved. 

It has been proposed that biosynthesis of MA starts with the production 
of the Ci 2 pentaketide moiety (4, from Figure 5A) by the PKS MmpD, which 
then acts as a primer for biosynthesis of the remainder of the MA polyketide 
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Figure 5. Model for the biosynthesis of mupirocin components. A. Mupirocin biosynthesis 
model. B. HMG-based model for incorporation of the C15 methyl group in monic acid. 
C. 9-hydroxynonanoic acid biosynthesis model, (i) 3 -hydroxy-3 -methylglutaric acid (HMG) 
starter unit formed from condensation of acetate and acetoacetate catalysed by MupH and 
extended by two malonate condensations followed by removal of 3-methyl and hydroxyl groups, 
(ii) Alternatively, a 3-hydroxyproprionate starter unit may be extended by three malonate conden- 
sations. Acyltransferase (AT), ketosynthase (KS), dehydratase (DH), ketoreductase (KR), 

methyl transferase (MeT), acyl carrier protein (AGP), thioesterase (TE), enoyl reductase (MupE); 
HMG-CoA synthase (MupH). 
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precursor ( 6 ) directed by the PKS MmpA, and possibly the HMG-CoA 
synthase MupH (see below). 

MmpD should encode sequential modules that catalyse the first four 
condensations. The following description refers to carbons by number in the 
conventional diagrams of mupirocin structure (Figure 5A). Starter and 
extender units could be activated by MupU and MupQ, which show similarity 
to acyl-CoA synthases that activate substrates by linking their carboxyl 
group to the phosphoryl group of AMP. The activated substrate is then trans- 
ferred to Coenzyme A (Co A). Mupirocin biosynthesis could start with one 
of the ATs transferring an activated acetyl starter unit from Co A to the 
4'-phosphopantetheine arm of ACP 8 and then to the thiol group of the active 
cysteine of KS5 (both in the proposed module 1 of MmpD) in a decarbo- 
xylative step. An activated malonyl extender could then be transferred to 
the vacant ACP 8 . Alternatively an activated acetyl unit may be transferred 
direct to KS5. KS5 is proposed to catalyse the first decarboxylative conden- 
sation step of acetate and malonate, followed by addition of a methyl group 
from SAM at C 12 by a methyl transferase (MeT) MeTl (in the proposed 
module 1 of MmpD) and ketoreduction catalysed by KR3, in the same mod- 
ule, producing a C 5 structure ( 1 ). DH2, in the same module, is probably non- 
functional due to its putative consensus active site (HxxxDxxxxA) differing 
from other DHs (HxxxGxxxxP). Such non-functional domains have 
been observed in several modular PKSs, for example, RAPS 1 and 2 in 
rapamycin biosynthesis in Streptomyces hygroscopicus^ and in pltD from 
pyoluteorin biosynthesis cluster in R fluorescens Pf-5^^. The second cycle of 
condensation is predicted to be catalysed by MmpD KS 6 (module 2) and 
followed by ketoreduction then dehydration catalysed by KR4 and DHS, 
respectively (of the same module), producing a C 7 structure ( 2 ). The third 
condensation reaction corresponds to MmpD KS7 (module 3), followed by 
addition of a methyl group from SAM at C 8 by MeT2, reduction and dehy- 
dration of the keto group by KR5 and DH4, respectively (again within the 
same module), producing a Cjo structure (3). The fourth condensation step 
is catalysed by MmpD KS 8 (module 4), in the same module, followed by 
reduction by KR 6 producing a C 12 structure ( 4 ). 

Further assembly of MA may be continued by MmpA. A fifth condensa- 
tion of malonate catalysed by MmpA KS2 (module 5) followed by ketoreduction 
by KRl, in the same module, should produce a C 14 structure (5). The sixth con- 
densation should be catalysed by MmpA KS3 (module 6 ) and leaving the keto 
unreduced should produce a C 16 (3-ketothioester (6). This does not predict a 
function for KSl which may not have a completely normal function since it has 
Gin instead of His in its proposed active site. However, it is necessary for biosyn- 
thesis as indicated by the fact that mutation of KSl gives a Mup“ phenotype. 
Further work will be necessary to establish its role. 
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The incorporation of a methyl group at Cl 5 could be via condensation 
of an acetate unit at the (3-keto group of structure ( 6 ) by the putative HMG- 
CoA synthase (MupH) (Figure 5B). The resulting carboxylic acid group would 
undergo decarboxylation followed by dehydration, possibly involving activation 
of the hydroxyl group for example by phosphorylation producing a terminal 
alkene CH 2 group. The double bond would rearrange in conjugation with the 
thioester carbonyl presumably by an isomerase-dependent reaction producing 
the Ci 7 ap-unsaturated thioester (7) in which the 15-methyl group is derived 
from the methyl carbon of the cleaved acetate unit. Further modifications are 
required to generate MA from structure (7), which would include oxidation 
and reduction to create the epoxide group and tetrahydropyran ring. 

It is much more difficult to predict the source of 9-HN, which is a C 9 frilly 
saturated fatty acid chain. This may be synthesised by a single PKS/FAS with 
full reduction of the keto groups by ketoreduction, dehydration and enoyl 
reduction. One possibility is that MupH (HMG-CoA synthase) may catalyse the 
condensation of acetate and acetoacetate to generate HMG, which would be 
chain-extended by two condensations of malonate moieties followed by 
removal of the 3-methyl and hydroxyl groups and reduction of the distal 
carboxyl group (Figure 5C(i)). However, studies with doubly labelled 
HMG showed no intact incorporation^^. Formally 9-HN could be formed from 
a 3 -hydroxypropionate starter imit by three malonate condensations catalysed 
by a dedicated FAS (Figure 5C(ii) ). Preliminary evidence has been obtained for 
this by synthesis and feeding of [l-^^C]-3-hydroxypropionate which resulted in 
specific enrichment (2.5 fold) of 

If 3-hydroxypropionate is involved, there are several ORF's of unknown 
function that could be involved. One candidate PKS/FAS for iterative incor- 
poration of the three malonates could be MmpB, which contains KS4, KR2, 
DHl, ACP5-7 and TE. However, MmpB does not contain an ER domain. 
MupE shows sequence similarity to ER and therefore could catalyse the final 
reduction step of 9-HN. Precedence for this possibility is found in lovastatin 
biosynthesis where the proper functioning of the lovD nonaketide synthase 
(LNKS) requires the accessory lovC protein^. It is also possible that the organ- 
ism makes use of the ER used in endogenous fatty acid metabolism, as has 
been suggested for prodigiosin biosynthesis in Streptomyces coelicolor^^ . 

The TE domain at the end of MmpB would fit with this model for 9-HN 
biosynthesis being involved with release of either 9-HN or mupirocin or with 
esterification of 9-HN and MA. Alternatively, the C 9 moiety may be derived from 
a pathway outside of the cluster. It could also involve other enzymes from within 
the cluster, for example, mupB and mupG (3-oxoacyl-ACP synthases), and mupD 
and mupS (3-oxoacyl-ACP reductases) for which roles have not been assigned. 

Pseudomonic acid B contains a hydroxyl group at C 8 , which may be a 
result of further oxidative modification. Pseudomonic acid C has an alkene at 
ClO-Cll instead of an epoxide, which may be due to lack of processing by 
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MupO (putative P450 oxygenase). Pseudomonic acid D has an unsaturated 
Cg chain (alkene at C4 -C5'), which may arise from the second malonate 
condensed with 3 -hydroxy-propionate not being fully reduced by ER. 

3.4. Regulation of Mupirocin Biosynthesis 

Mupirocin biosynthesis is under the control of a quorum-sensing regula- 
tory system. MupR shows similarity to LasR/LuxR (transcriptional activators), 
and Mupl to LasI/LuxI (synthases for A^-acyl homoserine lactones [AHL] that 
activate LasR/LuxR)^^’ Mutational inactivation of MupR and Mupl and 
xylE reporter assays revealed that Mupl generates a diffusible substance that 
stimulates transcription of the mup cluster in the presence of MupR during late 
exponential and stationary phase. Furthermore, the Mupl product can activate 
the LasR/LasI system that is preferentially activated by longer-chain AHLs 
(C10-C14), and a MupF phenotype could be complemented by exogenous feed- 
ing with culture extract of Pseudomonas aeruginosa that should contain 
cognate AHL for LasR induction (3-oxo-C12-HSL)^^ 

A putative MupR box upstream of mupA was identified that may activate 
transcription from the mup A promoter No potential internal promoters were 

identified either by similarity to consensus sequences for any of the known 
sigma factors or the putative MupR binding site. 



4. PEDERIN 

4.1. Pederin Activity and Structure 

Pederin is produced by unculturable symbionts of Paederus and 
Paederidus beetles^"^’ 16sRNA typing indicates that the symbiotic bacterium 
of Paederus fuscipes is a close relative of P aeruginosa^^ . Furthermore, 
sequence analysis of a >1 10 kb region encompassing the pederin biosynthesis 
cluster revealed that most ORFs outside the pederin cluster, including almost 
all housekeeping genes, exhibit >80% identity at the nucleotide level with 
genes from P aeruginosa^^ . Although members of the pederin metabolite fam- 
ily have previously been isolated from marine sponges, pederin is exclusively 
isolated from terrestrial Paederus and Paederidus beetles. The beetles utilise 
pederin as a chemical defence weapon against predators^^. More importantly, 
however, the pederin group of polyketide metabolites are highly active anti- 
tumour compounds, in particular pederin, and mycalamide A and 

Pederin (C25H45O9N) is a polyketide metabolite synthesised from 
malonyl- and methylmalonyl-CoA units, with glycine incorporated by NRPS. It 
consists of two modified pyran rings one of which is dimethylated^^ (Figure 6). 




5 kb 



704 



Joanne Hothersall and Christopher M. Thomas 




Figure 6. Organisation of the pederin cluster and model of biosynthesis. Two alternative routes 1 and 2: (1) intermediate cleaved from PedF6 by PedG to 
generate pederin precursor; (2) intermediate extended by PedH and then cleaved by PedG to generate pederin precursor and another metabolite. 
Methyl transferase (MT), oxidoreductase (OR), acyltransferase (AT), ketosynthase (KS), acyl carrier protein (AGP), NRPS condensation domain (C), NRPS 
adenylation domain (A), NRPS thiolation domain (T); dehydratase (DH), monooxygenase (OXY), thioesterase (TE), * indicates an inactive domain. 
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4.2. Pederin Biosynthetic Cluster 

Degenerate PCR based on motifs of KS domains was used to amplify 
sequences that were then used to screen a total DNA library from P. fuscipes^^. 
A 53.8 kb region was subsequently sequenced (Accession no. AY059471), 
which revealed ORFs showing homology with Type I PKS genes, designated 
as ped genes. The pederin biosynthesis cluster contains eight ORFs pedA- 
pedH that encode both Type I and Type II PKS (Figure 6 ). PedF and PedH 
show similarity to a mixed Type I modular PKSs/NRPSs. These, like the 
mupirocin MMPs, lack AT domains integrated within the PKS modules. 
Instead, the cluster contains two monodomain ATs encoded by pedC and pedD 
that presumably act in trans. Interestingly, PKSs that lack ATs are more closely 
related to each other than other Type I PKSs^^. PedA and PedE show similar- 
ity to methyl transferases, PedB to FMN dependent oxidoreductases, and PedG 
with FAD-dependent monooxygenases. Apart from lacking the ATs, PedF 
appears to be perfectly colinear with pederin structure. However, the cluster is 
missing a small PKS that encodes the first three modules, a protein for the 
attachment of exomethylene group and an enzyme for catalysing the formation 
of the aminal moiety^^. 

The PKS/NRPS encoded by PedH would result in the biosynthesis of a 
much larger polyketide/peptide metabolite than required for pederin. This may 
indicate that the entire cluster when originally acquired encoded a larger sponge- 
type metabolite with which this hypothetical intermediate has similarity^^. 
During the course of evolution of the pederin biosynthesis pathway, the oxy- 
genase gene pedG may have inserted into the cluster destroying a module and 
resulting in premature termination of the PKS elongation at module PedF 6 
with subsequent release of a pederin precursor by oxidative cleavage. The 
pederin cluster is flanked by transposase pseudogenes, which suggests that 
the pathway may have been acquired through horizontal transfer and insertion 
into the genome by a transposition event. 

4.3. Pederin Biosynthesis Model 

Piel^^ has proposed a model for pederin biosynthesis based on the struc- 
ture of pederin and the domain order of PedF and PedH and the positioning of 
PedG (Figure 6 ). The first as yet unidentified modules should catalyse the 
condensation of a C 5 intermediate, which would be loaded onto the AGP of 
the first module of PedF (PedFl) and extended by a C 2 unit. This interme- 
diate would be transferred to PedF2, which is a NRPS that would catalyse the 
attachment of glycine as directed by the non-ribosomal code of the adenyla- 
tion domain. PedF3 catalyses extension by C 2 and reduction of the (3-keto to a 
hydroxyl group. PedF4 catalyses extension by another C 2 unit, which is again 
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reduced at the p-keto to a hydroxyl group. The methyl transferase domain 
within this module would catalyse the attachment of a germinal dimethyl 
group. PedF5 would extend by another C2 and then reduce to an epoxide. The 
interesting duplicated DH domain would catalyse formation of the pyran ring. 
PedF6 would extend by another C2 with reduction of the P-keto to a hydroxyl 
group. There are then two alternative routes that pederin biosynthesis may fol- 
low. Through route A the intermediate, bound as a thioester to PedF6, would 
be cleaved by the oxidative activity of PedG. Alternatively via route B, the 
intermediate may be further elongated and processed by the PKS/NRPS enzy- 
matic domains of PedH, which would result in the generation of a much longer 
polyketide/peptide metabolite than pederin, as described above. This interme- 
diate could then be cleaved by PedG, in a Bayer-Villiger oxidation, to generate 
the pederin precursor and another fragment. Pederin contains four 0-methyl 
groups of which at least two could be attached by the methyl transferase activity 
of PedA and PedE. 



5. CORONATINE 

5.1. Coronatine Activity and Structure 

Coronatine is a phytotoxin produced by several strains of Pseudomonas 
syringae pathovars (pvs.) including pvs. atropurpurea, glycinea, maculicola, 
morsprunorum and tomato that infect ryegrass, soybean, crucifers, Prunus spp. 
and tomato, respectively^^. Disease symptoms include diffuse chlorosis on a 
wide range of plants, whereby yellow spots arise from lack of chlorophyll for- 
mation, and in some plant species hypertrophy, whereby tissues become 
enlarged, inhibition of root elongation and stimulation of ethylene 
production^^. This phytotoxin is also dealt with elsewhere in this (Bender and 
Scholz-Schroeder, Chapter 4, Volume 2) but is included here for completeness. 

Coronatine (C18H25O4N) consists of a polyketide moiety, coronafacic 
acid (CFA), linked via an amide bond to coronamic acid (CMA), an ethyl- 
cyclopropyl amino acid derived from isoleucine (Figure 7)"^^. ^^C-labelled 
substrate feeding experiments revealed that CFA is derived from one pyruvate, 
one butyrate and three acetate units^^. CFA and CMA are discrete intermedi- 
ates secreted by COR producers, and both are required for coronatine 
phytotoxic activity Although coronatine is the major coronafacoyl 
compound produced by P syringae, others may be produced by coupling CFA 
with different amino acid moieties, generating, for example, coronafa- 
coylisoleucine, coronafacoylalloisoleucine, coronafacoylvaline (CFV) and 
norcoronatine^^ 
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Figure 7. Organisation of the coronatine biosynthesis cluster and model of biosynthesis, (a) Region organisation; (b) transcripts; (c) ORFs; (d) biosynthe- 
sis model. Coronafacic acid (CFA), regulatory region (REG), coronamic acid (CMA), acyl-CoA ligase (L), 2-carboxy-2-cyclopentenone (CPC), acyl 
carrier protein (ACP), dehydratase (DH), ketosynthase (KS), acyltransferase (AT), enoyl reductase (ER), ketoreductase (KR), 2-[l-oxo-2 cyclopenten- 
2-ylmethyl] butanoic acid (CPE), thioesterase (TE), crotonyl-CoA reductase (CCR); amino acid activating enzyme (A). 
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Coronatine is believed to act as a mimic of the octadecanoid-derived 
signalling molecules in higher plants. At low levels, jasmonic acid is a signal 
transducer in higher plant’s defence against herbivore or pathogen^^’ 
However, at higher levels, it induces symptoms resembling coronatine activity: 
chlorophyll degradation, accelerated senescence and induced production of 
ethylene^^. Molecular overlays reveal that coronatine is a close structural ana- 
logue of the jasmonic acid precursor 12-oxo-phytodienoic acid (OPDA)^^"^. 
Furthermore, coronatine and OPDA both induce the same positive response in 
a tendril curvature assay, where jasmonates substitute for a mechanical 
stimulus and induce coiling^ 

5.2. Coronatine Biosynthetic Cluster 

The COR biosynthetic cluster may be either chromosomally or plasmid 
encoded. R syringae pvs. atropurpurea, glycinea, morsprunorum and tomato 
generally contain the COR cluster on a large plasmid, whereas it is usually chro- 
mosomally encoded in pv. maculicola^^’ The COR biosynthesis cluster has 
been most extensively studied in R syringae pv. glycinea PG4180, encoded on 
a 90 kb plasmid p4180A^^’ Non-coronafacoyl producing strains R syringae 
pv. syringae PS51 and PS61 transformed with p4180A acquire the ability to 
produce coronatine^ ^ The COR biosynthetic cluster was divided into functional 
regions through Tn5 mutagenesis, which isolated COR~, CFA" and CMA“ 
mutants whose defects could be rectified by exogenous feeding with CFA and 
CMA, and complemented by expression in trans of the coupling region and 
regions required for CMA and CFA biosynthesis^^’ 

The 32 kb COR biosynthetic cluster consists of two distinct regions 
responsible for CMA and CFA biosynthesis, which are separated by a 3.4 kb 
regulatory region (Figure 7). The 6.95 kb CMA region contains four separate 
ORFs: cmaA, cmaB, cmaT and email that are thought to synthesise CMA via 
a NRPS thiotemplate mechanism^^’ (Accession no. U14657). cmaA, cmaB 
and cmaT are co-transcribed as a 5 kb transcript, whereas cmaU is transcribed 
separately^^^. CmaA shows sequence similarity to enzymes that activate amino 
acids by adenylation and bind them as thioesters. CmaT is related to known TEs, 
but putative functions have not yet been assigned for CmaB and CmaU. The CFA 
region contains ten ORFs: c/7, and cfal-cfa9, which are co-transcribed from a 
single promoter upstream of cfl as a single 19 kb transcript, and show homology 
with enzymes involved in polyketide synthesis (Figure 7)^^’ (Accession 

nos. U56980, AF098795, AF061506). Another ORF, tnpl, is present in the CFA 
cluster which has no function in COR biosynthesis but shows homology with 
transposase encoded by IS5^^. Multiple insertion sequences flanking the COR 
biosynthesis cluster have also been identified in p4180A, and may have been 
involved in its acquisition and assembly^. The CMA and CFA sections may have 
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evolved and been acquired independently, bringing them together under the 
co-ordinated control of the regulatory region. This region contains three ORPs 
corR, corP and corS^’ (Accession nos. U33326, U33327). 

5.3. Coronatine Biosynthesis Model 

A model for CFA biosynthesis has been proposed which involves both 
mono- and multifunctional enzymes (Figure 7)^^. Cfl, which shows homology 
with acyl-CoA ligases that activate specific carboxylic acid substrates by 
adenylation, has been shown to be required for CFA biosynthesis^^. 
Incorporation of ^^C-labelled pyruvic acid showed that CFA is synthesised 
from the C2 and C3 of pyruvate^^. It has therefore been proposed that pyruvate 
may be converted to a-ketoglutarate via oxaloacetate before incorporation, 
and that Cfl and Cfal-5 could convert a-ketoglutarate, as the starter unit, to an 
as yet unidentified compound, which could then be loaded onto the PKS Cfa 6 . 
a-ketoglutarate may be decarboxylated to produce succinic semialdehyde, 
which would contain the C2 and C3 of pyruvate but not the Cl^^’ Succinic 
semialdehyde (C4) bound as a thioester to Cfal (ACP) may then be extended 
by acetate (C 2 ) from a malonyl-CoA extender unit catalysed by Cfa3 (KS), 
cyclised by an as yet unidentified protein, possibly Cfa4, then dehydrated by 
Cfa2 (DH) to generate 2-carboxy-2-cyclopentenone (CPC). CPC may then be 
transferred directly to the PKS Cfa 6 . Alternatively it may be released from 
Cfal (ACP) by Cfa9 (TE) and then activated as a Co A ester by the acyl-CoA 
ligases Cfl or Cfa5 and loaded onto the N-terminal AT and ACP domains of 
Cfa 6 , which resemble the loading domain of the DEBS module 1 from Type I 
PKS system for erythromycin biosynthesis by Saccharopolyspora erythraea^^ , 
Cfa 8 shows homology with crotonyl-CoA reductase, which catalyses conver- 
sion of acetoacetyl-CoA to butyryl-CoA, that is used as a C 4 extender unit in 
polyketide synthesis^^’ Therefore, CFA biosynthesis may also require a 
butyryl-CoA precursor. Cfa 6 is a multifunctional PKS enzyme that contains 
discrete domains that could catalyse extension of the bound intermediate by 
butyrate (C4) from an ethylmalonyl-CoA extender unit, followed by complete 
reduction of the P-keto group. The Cfa 6 -bound intermediate if released by TE 
activity would generate 2 -[l-oxo- 2 -cyclopenten- 2 -ylmethyl] butanoic acid 
(CPE), which has been isolated at low levels from fermentation broth^^. 
Alternatively transfer to Cfa7, another multifunctional PKS enzyme, could 
then be followed by extension by another acetate (C 2 ) unit from malonyl-CoA, 
reduction and dehydration of the P-keto group. CFA could then be released by 
the TE activity of either Cfa7 or Cfa9. Cfa9 has been shown to be non-essential 
for COR biosynthesis, but may increase release^^. 

A model has also been proposed for CMA biosynthesis which utilises a 
NRPS mechanism^^’ The substrate amino acid is as yet unknown, but may 
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be L-isoleucine or L-alloisoleucine since CMA biosynthesis requires 
isomerisation of L-isoleucine to L-alloisoleucine. This could be adenylated by 
CmaA and bound as a thioester via a phosphopantetheine arm. An intermediate 
of CMA or the final product may then be released from CmaA by the TE 
activity of CmaT. Parry et alP predicted that an oxidative cyclisation reaction 
was required to form the cyclopropane ring, which may utilise an active 
ferrous site. The N-terminus of CmaA has a spatial arrangement of amino acid 
residues that resemble the ferrous active sites of various nonheme iron(II) pro- 
teins Thus, CmaA may be involved in the oxidative cyclisation of 
L-alloisoleucine. Incorporation of deuterium labelled CMA shows that it is a 
discrete intermediate and that cyclisation must occur prior to formation of the 
amide bond between CFA and CMA^^. 

The acyl-CoA ligase Cfl is presumed to be also involved in coupling 
CFA and CMA. Expression in trans of Cfl in a non-COR producing strain that 
was fed with exogenous CFA and CMA conferred ligation activity and led to 
the production of coronatine^^. Liyanage et alP proposed that Cfl may acti- 
vate CFA by adenylation prior to coupling with CMA. However, to date, 
attempts to isolate CFA adenylated by purified Cfl have proven unsuccessful. 
The specificity of Cfl-encoded coupling varies between different coronafacoyl- 
producing strains. For example, R syringae pv. glycinea PG4180 prefers 
coupling CFA with CMA, and couples CFA with valine, isoleucine and 
alloisoleucine at reduced levels^ However, R syringae pv. atropurpurea 4328 
produces equal amounts of COR and CFV suggesting equal affinity for CMA 
and valine^^. 

5.4. Regulation of Coronatine Biosynthesis 

The regulatory region contains three ORFs corR, corS and corR. The 
deduced amino acid sequence of CorS shows homology with histidine protein 
kinases that act as environmental sensors, whereas CorR and P show homo- 
logy with response regulators that are members of two-component regulatory 
systems^ Response regulators typically contain an N-terminal receiver 
domain that is the site of phosphorylation, and a C-terminal effector domain 
with a helix-turn-helix (HTH) DNA binding motif Both of these domains 
are present in CorR, but only the N-terminal receiver domain is present in 
CorR Sequence comparisons of the N-terminal domains of CorR and CorP 
show that they are almost identical, which suggests that they share specificity for 
the same phosphodonor^^^. CorR has been shown to be a positive activator of 
COR gene expression that binds to the cfl and cmaA promoter regions^^’ ^ ^ 

COR biosynthesis has also been shown to be thermoregulated. COR production 
and cfl, cmaA, email and corS gene expression are maximal at 18°C with little 
or no production or expression at 28°C^^’ The pathway-specific 
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CorRPS system, thermoregulation, global regulation by plant stimulation 
of COR production by DC3000 and differences between DC3000 and PG4180 
in the role of COR in plant microbe interactions are discussed in more detail 
in another chapter in this book (Bender and Scholz-Schroeder, Chapter 4, 
Volume 2). 



6. 2,4-DIACETYLPHLOROGLUCINOL (DAPG) 

6.1. DAPG Activity and Structure 

2,4-Diacetylphloroglucinol (DAPG), produced by various fluorescent 
Pseudomonads^^’ has antifungal, antibacterial, antihelmintic and 

phytotoxic properties'^’ This secondary metabolite is also dealt with 
elsewhere in this book (Morrissey et aL, Chapter 21) but is included here for 
completeness. DAPG is recognised as the key secondary metabolite associated 
with biological control of a range of soilborne fungal plant pathogens that 
cause root and seedling diseases on a variety of crops. For example, DAPG is 
important in/? fluorescens CHAO suppression of black root rot of tobacco 
caused by Thielaviopsis basicola^^’ take-all disease of wheat caused by 
Gaeumannomyces graminis var. and Fusarium crown and root rot of 

tomato^^. Interestingly DAPG or its derivatives have also been indicated as 
potential candidates for anti-methicillin resistant S. aureus compounds^^. The 
mode of action of DAPG has not yet been reported. 

DAPG is a phenolic compound of polyketide origin (Figure 8). 
Monophloroglucinol (MAPG) and DAPG have been identified from culture 
extracts of Q2-87 and FIB'^’ MAPG is believed to be the precursor of 
DAPG, which has an additional acetyl group. Evidence for this comes from 
the description of transacetylation of MAPG to DAPG by cell extracts 
of FI 13^^. 

6.2. DAPG Biosynthetic Cluster 

A 6.5 kb fragment from R fluorescens Q2-87 conferred the ability to 
produce DAPG on non-DAPG producing Pseudomonas strains^. Tn3 mutage- 
nesis revealed a 5 kb locus required for DAPG biosynthesis, which is highly 
conserved among DAPG producing Pseudomonads^’ 

Sequence analysis revealed six ORFs phlA, phlB, phlC, phlD, phlE and 
phlF as three transcriptional units (Accession no. U41818)^. phlACBD are 
expressed as an operon from a promoter upstream of phlA and are flanked on 
either side by phlE and phlF (Figure 8). PhlA shows similarity to FabH, 
a P-ketoacyl-ACP synthase III (KASHI) from E. coli, which catalyses the 
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Figure 8. Organisation of the 2,4-diacetylphloroglucinol biosynthesis cluster and model of 
biosynthesis. 2,4-diacetylphloroglucinol (DAPG), monophloroglucinol (MAPG). 



condensation of acetyl-CoA with malonyl-ACP to form acetoacetyl-ACP in 
Type II fatty acid synthesis^^^. However, PhlA lacks the active site cysteine 
characteristic of condensing enzymes. FabH also has transacylase activities, 
whereby an acetate moiety is transferred from acetyl-CoA to acetyl-ACP^^^. 
PhlC contains a putative carboxylic acid-CoA binding site typical of condensing 
enzymes. PhlB has not been assigned a putative function. PhlD is a PKS that 
shows similarity to plant chalcone and stilbene synthases which are Type III 
PKSs. Chalcone synthases (CHS) consist of homodimeric proteins that per- 
form condensation and cyclisation steps required for biosynthesis of phenolic 
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compounds. PhlE shows similarity with a multidrug efflux transporter from 
the membrane permease superfamily and is associated with a red pigment 
present in media of DAPG producing strains^. PhlF contains a HTH domain 
and is a pathway-specific repressor of DAPG biosynthesis^^. 

Sequence analysis of CHAO revealed two additional ORFs phlG and 
phlH adjacent to phlF, which are not related to the previous phi genes 
(Accession no. AF207529)^^. PhlH shows similarity to regulatory proteins, but 
no putative function has been assigned to PhlG. Tn5 mutagenesis of phlH 
knocked out MAPG and DAPG production^^ 

6.3. DAPG Biosynthesis Model 

Knockouts, exogenous feeding and expression in E. coli revealed that 
PhlD is responsible for the biosynthesis of the DAPG precursor MAPG, and 
that PhlACB are necessary for the conversion of MAPG to DAPG and may 
also be required for the biosynthesis of MAPG^. PKS biosynthesis of DAPG 
involves the condensation of three acetyl-CoA units with one malonyl-CoA to 
produce MAPG which is then transacetylated to DAPG^^. 

Bangera and Thomashow^ postulate that PhlC binds acetyl-CoA and 
then PhlACB catalyse a condensation reaction with another acetyl-CoA unit to 
provide a linear primer unit, acetoacetyl-CoA (Figure 8). The Type III PKS 
PhlD then catalyses the condensation of this primer molecule with extender 
units and cyclisation to generate the Cg intermediate MAPG, which is then 
converted to DAPG by the activity of PhlACB. This acetylation reaction cor- 
responds to MAPG acetyl-transferase activity, which has been described in 
cell extracts of FI 13^^. 

6.4. Regulation of DAPG Biosynthesis 

Translational and transcriptional fusions of a lacZ reporter with phlA 
showed that in R fluorescens CRAO.phlA expression was maximal during late 
exponential phase growth, that phlA expression was autoinduced by DAPG, 
repressed at the transcriptional level by PhlF and also repressed by other bac- 
terial metabolites pyoluteorin and salicylate and the fungal pathogenicity fac- 
tor fusaric acid^^. PhlF is required for autoinduction by DAPG and repression 
by these three metabolites. If exogenous phloroglucinol is added to FI 13 cul- 
tures in early exponential phase, it stops growth and replication. Therefore, 
it may be self-inhibitory to accumulate DAPG early in the growth phase, and 
hence it has been postulated that PhlF may play a role in the prevention of 
accumulation of DAPG during this phase^^. PhlF is indeed expressed at high 
levels during early growth phased Furthermore, PhlF binds to an inverted 
repeat sequence phO downstream of the phlA transcriptional start site^ 
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Regulators of DAPG biosynthesis act directly with PhlF by modulating its 
binding to the phO operator. Autoinduction by DAPG may result from DAPG 
destabilising the PhlF-/?/iO complex thus allowing expression of the phlACBD 
operon, while repressors may stabilise it and inhibit expression^ The pathway 
is also positively modulated by PhlH^^. 

In addition to these pathway-specific regulators, DAPG biosynthesis is 
also influenced by environmental factors such as carbon source^^’ and 
is under the control of the two component GacS/GacA system, which are pos- 
itive regulators of expression of phlACBD and phlF^^, and use of alternative 
sigma factors^^’ These regulatory systems are discussed in further detail 
in Chapter 21 in this book (Morrissey et al). 



1 . GENERAL DISCUSSION 

The collection of systems described in this chapter are connected by 
the fact that at least part of the chemical products of the pathways they encode 
are synthesised by a mechanism involving one or more PKS enzymes. The size 
of the genetic regions involved varies from the 6.5 kb region of DAPG to the 
75 kb region needed for mupirocin biosynthesis. Within these regions the diver- 
sity of the pathways is quite remarkable. In the Introduction we explained the 
key differences between the Type I, II and III PKS systems and the relationship 
to the NRPS mechanism. Across the collection of systems we find all these 
represented in different combinations. Type I PKS are found in CFA, pyolute- 
orin, mupirocin, pederin; Type II in CFA, DAPG, mupirocin and pederin; Type III 
in DAPG while NRPS is found in CMA, pyoluteorin and pederin. This illustrates 
the way that pathways can be built up from diverse modules so long as the carrier 
proteins (ACPs or PCPs) can be loaded, the extender unit they carry can act as 
the recipient for the growing chain and that the carrier protein can then pass the 
growing chain on to the next synthase or release its product, possibly with 
the help of a TE. This flexibility in the assembly of natural pathways underpins 
the current experiments to create new pathways by combinatorial genetics 
using the components found in nature. The collection of systems described also 
illustrates the diversity of tailoring enzymes that can act as part of the biosyn- 
thetic pathways and provides yet more potential for building new products. 

Although most of the effort to date in such manipulations has been with 
the actinomycetes, the diversity of pathway types and pathways components 
found across Pseudomonas species means that there is considerable scope for 
similar approaches in this genus. Genetic manipulation within many 
Pseudomonas species is quite straightforward and it may well be that the fact 
that the organisms are non-filamentous provides advantages for growing the 
bacteria and overproducing their products. The fact that the genome sequences 
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of a number of Pseudomonas species are now available, or will be in the near 
future, will facilitate identification of the accessory gene systems that are 
needed for optimum activity of the pathways and underpin the rational 
approach to pathway manipulation. The sequences are also revealing addi- 
tional gene systems that can be used as a part of the repertoire of genes for the 
combinatorial approaches. 

In addition to the creation of GMOs with new activities, the fact that hori- 
zontal gene transfer has obviously played a significant role in the evolution of 
the various pathways described and that at least some of the pathways are 
encoded on mobile gene systems — plasmids, transposable elements or pheno- 
typic islands — means that there is scope for creation of new strains by in vivo 
genetic manipulation. Thus, rational mixing of naturally occurring strains with 
the potential to cause spread and recombination of the various component gene 
systems, could create strains that should be acceptable for release to natural 
environments. The approaches described in Rhizobium for detecting and enrich- 
ing for rare recombinants simply by the ability to detect them by PCR designed 
for the desired combination of DNA sequences suggests an approach that could 
be used. Thus, development of new biocontrol strains could benefit from PKS 
combinatorial genetics as well as the production of novel products for pharma- 
ceutical use where production would take place under contained conditions. 
Therefore, the search for new pathways including PKS systems in 
Pseudomonas species has great potential for biotechnology applied to medicine 
as well as agriculture. The lessons learnt from the systems described in this 
chapter should provide the basis for predicting functions of uncharacterised 
systems, and hence facilitate the rapid exploitation of this new information. 
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-insensitive cytochrome oxidase, 199, 680 

mutants, 682 

sensitive, 680 

synthase, 672, 676, 682 

synthesis, 261 

Cyanogenic bacteria, 671, 675 
Cyanohydrins, 681 
Cyclase, 274 

Cyclic alkanes, 398, 613, 617 
Cyclic lipopetides (CLPs), 137, 147, 153, 
156, 158, 163, 164 
Cyclic polypeptides, 147 
Cyclic tetrapyrroles, 1 1 1 
Cyclisation, 155, 689 
Cyclohexane, 415 
Cyclohexylsulfamate, 329 
Cycloisomerization, 514 
cys genes, 127, 326, 327, 349 
cysB mutant, 346 
CysA, 325 
CysB, 345-347 
CysG, 127 
CysH-J, 326 
CysP, 101,325 
CysT, 325 

Cyst germination, 7 1 
Cystathionine, 325, 328 
Cystathionine (3-lyase, 328 
Cystathionine-y-lyase, 330 
Cysteate, 329, 335 
Cysteine, 324, 325, 328, 329 
auxotroph, 346 
biosynthesis, 326, 344 
synthase complex, 325 
transport, 324 



Cystic fibrosis (CF), 55-58, 69-72 
clinical isolate, 5, 12, 58 
lungs, 56, 58, 69, 72 
patients, 6 , 18, 53, 55, 69, 71, 344, 428 
Cytidine auxotrophic, 1 5 
Cytidine triphosphate, 15 
Cytochrome, 113, 200, 205 
Cytochrome bci complex, 197, 199 
Cytochrome bci mutant, 204 
Cytochrome c, 134, 194, 204, 551 
Cytochrome c-deficient mutant, 205 
Cytochrome C 551 , 199 
Cytochrome cbb^ (cco), 199, 200 
Cytochrome cbbi, oxidase, 202 
Cytochrome cd\, 204, 205 
Cytochrome co oxidase, 199 
Cytochrome o ubiquinol oxidase, 407 
Cytochrome P450, 698 

DAHP synthase, 307, 308, 313, 644 
DapA-F, 280-282, 287 
Daunorubicin, 691 
dav genes, 285 
Dav proteins, 284, 288 
dDTP-L-rhamnose, 182 
Decane-utilizing mutants, 415 
Decanol, 613 

Decarboxylation, 121, 127, 129, 243, 253, 
528 

Defense estrategy, 681 
Dehalococcoides, 544 
Dehalogenase, 365, 514, 523, 528, 535, 544 
Dehalorespiration, 544 
Dehydratase, 86 , 690, 691, 693, 702 
Dehydrogenation, 206 
Dehydroquinate, 445 
Dehydroshikimate, 445 
Delftia, 510 

A-aminovaleramide amidohydrolase, 283 
A-aminovalerate aminotransferase, 

283, 288 

Demethylase, 445 

Denitrification, 113, 193-195, 197, 198, 204, 
205, 261,544, 676 
master regulators, 207 
Density-dependent gene regulation, 652 
Deoxy-D-«ra 6 mo-heptulosonic, 307 
3-deoxy-£>-mfl««o-octulosonic acid, 7, 10 
Deoxytimidine diphosphate, 1 74 
Desaturases, 94, 415 
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Desulfation, 338 
Desulfitobacteria, 544 
Desulfonation, 331, 334 
Desulfovibrio, 230 
Desulfurization, 324, 348 
of alkylsulfate esters, 347 
of dimethylsulfide, 330 
of methionine, 328 
Detoxifying mechanism, 236, 680 
2, 4-diacetylphloroglucinol (DAPG), 148, 

638, 639, 646, 660, 692, 711, 713, 714 
2, 3-diacylglucosamine-l -phosphate, 7 
2, 4-diaminobutyric acid, 153 
Diaminomononitrotoluenes, 233 
Diaminopimelate, 280, 282 
decarboxylase, 282, 287 
dehydrogenase, 280 
epimerase, 282, 287 
pathway, 279, 280 

1, 3-diaminopropane, 244, 255 
Di-axial linkages, 54 
Diazoborine, 100, 101 
Dibenzofuran, 540, 541 
Dibenzo-p-dioxin, 361, 540, 541, 542, 543 
Dibenzothiophene, 324, 338, 464, 467 
Dichlorhydroquinone, 3 6 1 
Dichlorobenzene, 519 

2, 5-dichlorobenzoate, 523 
Dichlorocatechol, 512, 513 
Dichloro-cw, cw-muconate, 512 
Dichlorophenol, 361, 365 
Dichlorophenol hydroxylase, 521 
Dicyclopropylketone (DCPK), 407 
Dienelactone, 511, 512, 514, 528 
Dienelactone hydrolase, 511,512 
Di-equatorial linkages, 53 
Differential scanning calorimetry, 411 

2, 3-dihydro-2-aminobutyric acid, 153 
Dihydrodipicolinate reductase, 287 
Dihydrodipicolinate synthase, 287 
Dihydropyrene-carboxylic acid, 478 
Dihydroxy anthracene, 472 
Dihydroxybenzenes, 365 
Dihydroxybiphenyl 1, 2-dioxygenase (DHBD), 

366, 368, 379, 380, 383, 538, 539 
octameric, 370 
ternary complex, 380 
Dihydroxybiphenyl, 364, 531 
Dihydroxynaphthalene, 364, 469, 472, 473 

3, 4-dihydroxyphenanthrene, 469 



Dihydroxyphenyl-propionate dioxygenase, 
360, 366, 369, 374, 380 
Dihydroxyphenylacetate, 442, 526 
Dimethylbenzimidazole, 133 
Dimethyloctane, 415 
Dimethylphtalate, 613 
Dimethylsulfide, 334 
Dimethylsulfone, 329, 347, 348 
Dimethylsulfoxide, 329 
Dinitrobenzene, 576, 577, 594 
4, 6-dinitro-o-cresol, 579 
Dinitrophenol, 479, 578, 591, 594, 596 
Dinitrotoluene, 575, 579, 580, 594, 596 
Dioxygenase, 230, 362, 364, 365, 370, 375, 
383, 385, 386, 466, 596 
dechlorinating, 526 
intradiol, 362, 384-386 
ring cleavage, 596 
type I extradiol, 366-368, 370 
type II extradiol, 366, 374 
type III extradiol, 369 
Dioxygenase ketoglutarate-dependent, 335 
Diphosphatidylglycerol, 616 
Direct repeats, 302, 405 
Di-rhamnolipid, 95 
Disease suppressive soils, 641, 656 
Dissemination of bacteria, 71 
Disulfide bond formation, 496 
Disulfide bond isomerase, 63 
Divergently transcribed, 277 
DNA bending, 298, 300, 301 
bending angle, 301 
bending Trpl-mediated, 300, 302 
DNA binding ribbon-helix-helix family, 61 
DNA/DNA hybridization, 398 
DNA microarrays, 63 
DNA polymerase binding sites, 648 
DNA rearrangements, 437 
DNA shuffling, 502, 503 
dnaA, 295 
DnaK/J, 63 

Dnr, 136, 139, 196, 198, 207 
DntG, 596 
Dodecane, 625 
Dodecanesulfonate, 329 
Dopamine, 428, 443, 452 
dox, 466 

Dsb proteins, 63, 494, 496 

dsz genes, 338 

Dutch elm disease, 162 
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Dyes, 575 
Dyestuffs, 324, 337 

Escherichia coli, 279 
Ecomycins, 154, 162 
Ecotoxicological effects, 509 
Efflux of K+, 159 
Efflux pump, 102, 479, 616, 650 
Elastase, 496 
Elastomers, 575 
Electron acceptor, 673 
Electron donor, 576 
Electron motive force, 612 
Electrophilic attack, 386 
Elongation phase, 84 
Emulsifation, 410 
Endochitinase, 162 
eno gene, 15 

Enoyl reductase, 690, 691, 702, 707 
Enoyl-ACP reductase, 86, 87, 90, 92, 102 
inhibitors, 101 

Enoyl-CoA hydratase, 445, 536, 698 

Entner-Doudoroff pathway, 64 

Environmental persistence, 509 

Environmental samples, 475 

Environmental signal(s), 652, 654 

Environmental stress, 63 

Epimerase, 31, 66, 179 

Epoxide, 412, 413, 611, 622, 625, 627, 697 

Epoxyoctane, 412 

Erythromycin, 691 

Erythrose-4-phosphate, 307, 643, 644 
EstA, 494, 495 
Esterase, 161 
Ethanesulfonate, 329 
Ethanolamine lyase, 128 
Ethionamide, 100, 101 
Ethylbenzene, 621 
Ethylcyclopropyl amino acid, 706 
Ethylene, 708 
Ethyltoluene, 453 
Exoenzyme S, 56 
Exopolysaccharides, 55 
Exotoxin A, 56, 496 
Exponential phase, 407 
Expression, 620 
Extracellular enzymes, 492 

p 42 o-dependent enzymes, 592 
fab genes, 84, 85, 87-90 



fab genes contd. 
regulation, 102 
fabA mutants, 90 
fabB mutant, 89 

Fab proteins, 84-92, 94, 100-102, 181, 
649,711 

FAD, 277, 672-674, 694 
fad genes, 450 
FadL,411 

Fatty acid, 4, 83, 84, 147, 174, 180, 185, 398, 
401,409, 691,697 
hydroxy, 97, 154, 175, 412 
auxotrophs, 89, 90 
biosynthesis, 83, 84, 649 
cis- to ^ra«5-unsaturated, 41 1 
desaturase, 85 
-methylesters, 182 
saturated, 84, 85, 702 
synthase, 697 

unsaturated, 85, 92, 411, 615, 697 
fcb genes, 530, 546 
fcs/ech/vdh, 446, 447 
Feedback inhibition, 307 
Ferredoxin, 335, 382, 466, 517, 518, 525, 
539, 674 

Ferredoxin reductase, 402, 517 

Ferricyanide, 409 

Ferrochelatase, 124 

Ferulate, 426, 445 

Feruloyl-CoA synthetase, 445 

FimS (also called AlgZ), 60 

Flagella, 265 

Flavenoid, 156, 658 

Flavohemoglobin, 202 

Flavoprotein, 255, 326, 401, 521, 582, 592 

Flavorubredoxin, 202 

Flippase, 22 

Fluoranthene, 464, 465, 472, 474 
Fluorine, 464 
Fluorobenzoate, 523, 544 
Fluorocatechol, 515 
Fluoro-c/5, c/5-muconate, 515 
Fluoro-muconolactone, 515 
FMN reductase, 333, 704 
Fnr box, 208 
FNR, 676 
fnrA, 198, 201 
Foldase, 496, 499, 500 
Folding, 494, 501 

Fomylkynurenine formamidase, 450 
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Formylglycine, 343 
Fosfomycin resistance proteins, 368 
Frateuria, 436 
Fructose, 652 

Fructose- 1, 6-diphosphate aldolase, 64 
Fructose- 1, 6-diphosphate phosphatase, 64 
Fructose-6-phosphate, 65, 179 
Fumarate, 363, 439, 468 
Fumarylacetoacetate hydrolase, 439 
Fumarylpyruvate, 439 
Fumarylpyruvate hydrolase (GtdB), 439 
Fungi, 161, 162, 466, 682 
Fungicides, 637, 638 
Fur, 125 

Fusaric acid, 651, 661 
Fusarium, 645, 646, 657, 71 1 
Fuscopeptins, 151, 153 

7 -aminobutyrate [GABA], 285 
GABA permease, 257 
gabD-T, 247, 257, 285 
GacS/GacA (Global Antibiotics and Cyanide 
control), 156, 157, 177, 653-655, 678, 
679, 682, 714 
Galactose residues, 344 
Beta-galactosidase, 401 
galF, 23 
galU, 18 

7 -glutamyl phosphate, 274 
7 -glutamyl phosphate reductase, 287 
gbu genes, 247, 256, 260 
GDP-mannose, 62, 65 
dehydrogenase, 65, 346 
pyrophosphorylase, 65 
GDP-mannuronate, 63, 65, 179 
Genomic island, 513 
Genotoxicity, 464 
Gentisate, 360, 364, 386, 426, 428, 

439, 595 

1, 2-dioxygenase, 364, 366, 369, 438, 439, 
547 

pathway, 439 

Global sulfur regulation, 345 
Glucanase, 162 
Gluconate, 64, 97, 264 
D-glucosamine disaccharide, 4 
Glucose, 14, 64, 407 
-6-phosphate dehydrogenase, 64 
-phosphate, 18, 179 
Glucosyltransferase, 15, 39 



Glutamate, 250, 306 
dehydrogenase (gdhB), 250, 258, 263 
kinase, 274-276, 287 
-semialdehyde, 112, 115, 274, 275, 681 
- 7 -semialdehyde dehydrogenase, 275 
-semialdehyde-aminomutase, 139 
synthase (GOGAT), 232 
Glutamine, 306 

Glutamine syntethase, 232, 518 
Glutamycin, 115 
Glutamyl-tRNA, 112, 113 
reductase, 136, 137 
Glutaric acid, 285 
Glutaric acid semialdehyde, 285 
Glutaric acid semialdehyde dehydrogenase, 
288 

Glutathione, 324, 439 
Glutathione transferase, 539 
p-1, 3-glycans, 157 

Glyceraldehyde-3 -phosphate dehydrogenase, 
64 

Glycerol, 383 
Glycerol-3 -phosphate, 98 
Glycine, 113,672, 676, 679 
Glycine oxidase, 673 
Glycine-to-HCN conversion, 671 
Glycolipids, 160, 173 
Glycosidases, 344 

Glycosyltransferase, 14, 20, 26, 39, 66 
Glyoxalase, 368 
GntR family, 446, 455 
GoxB, 673 

G + C content, 23, 453, 510, 590 
Gramicidin, 235 
GroES/EL, 63 

Ground water, 195, 230, 235, 407 
Group II introns, 454 
Growth phase, 83, 156 
gtdT, 439, 454 

Guadinonobutyrase, 247, 252, 255 
4-guanidinobutyraldehyde dehydrogenase, 
252, 260 

4-guanidinobutyrate amidinohydrolase, 260 
Guanosine diphosphate-rhamnose, 179 
Guluronate, 53, 66 

hab genes, 586, 589 

Halobenzoate 1, 2-dioxygenase, 524, 525 
Halobenzoyl-CoA dehalogenase, 536 
Halogenase, 693, 694 
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hen genes, 612-61 A, 676, 679 
hen promoter, 676 
henA RBS, 682 
hen mutants, 672 
hen-laeZ, 675, 680 
Heat shock, 58, 650, 696 
Helix-turn-helix motif, 346 
hem genes, 117, 119, 123, 126, 137-139 
Hem proteins, 122, 136 
Heme, 113, 111, 139 
-binding domain, 202 
biosynthesis, 113, 261 
-copper center, 672, 680 
Heme a, 112 
Heme c, 112, 205 
Heme d,\\2 

Heme 111, 127, 128, 134, 139, 198 
Heme o, 112 
Heptanol, 613 

Heptose-7-phosphate kinase, 14 
Heptosyltransferase, 1 5 
Heptyl-3-hydroxy-4-quinolone, 679 
Herbicides, 546, 575, 637 
Heterocyclic aromatic compounds, 

455, 641 

Hexadecane, 164, 625 

Hexanoate, 97 

Hexapeptide repeats, 9 

Hexyl sulfate, 329, 340 

Hierarchical gene expression, 655, 659 

himD/ihfB, 22, 24 

Histidine, 262 

Histidine kinase, 61 

hldE, 13, 14 

hmg clusters, 439, 441, 454 
Hodersin, 151 

Homocysteine, 325, 327-329, 346 
Homodimer, 65 1 

Homogentisate, 362, 365, 426^28, 451 
Homogentisate dioxygenase, 365, 369, 439, 
440, 452 

Homopolymer of D-rhamnose, 29 
Homoprotocatechuate, 360, 364, 426, 427, 
442, 451,452 

Homoprotocatechuate 2, 3 -dioxygenase 
(HPCD), 364, 366, 374, 438, 442, 453 
Homoserine, 153, 198, 325 
Homoserine 0-acetyltransferase, 328 
Horizontal gene transfer, 576, 597, 658, 
681,715 



hpa genes, 438, 444, 452 
HpaX, 454 
hpd genes, 454 
Human pathogens, 173 
Humification, 236 
hut genes, 262 
hutC mutant, 264 
Hydrogenase, 672 
Hydrogen peroxide, 59 
Hydrolytic, 535 
Hydroquinol, 365 
Hydroquinol dioxygenase, 534 
Hydroquinone, 360-362, 365, 426, 

427, 593 

4-hydroxyanthranilate, 312, 365, 583, 

643, 645 

4-hydroxybenzaldehyde, 232 

2- hydroxybenzoate (salicylate), 439 
4-hydroxybenzoate, 232, 426, 428, 433, 

444, 446, 517, 544 
monooxygenase, 432 
pathway, 444 

4-hydroxybenzoyl-CoA, 536 

3- hydroxydecanoic acid, 4, 6 
3-hydroxydecanoyl, 150, 153 
P-hydroxydecanoyl-ACP:CoA 

transacylase, 95 
(3-hydroxydecanoyl-S-ACP, 182 
3-hydroxydodecanoic acid, 150 
p-hydroxylaureate, 98 
2-hydroxy-5-methylquinone, 592, 596 
Hydroxy-2-naphthoate, 365, 369, 469 
Hydroxy-2 -naphthoate dioxygenase, 

365, 366 

2-hydroxy-5-nitromuconic acid, 596 
2-hydroxy-6-oxo-6-phenylhexa-2, 4-dienoate 
hydrolase, 538 
Hydroxy- 1-tetralone, 469 
Hydroxyl radical footprinting, 301 
Hydroxylamino intermediates, 576, 581, 582, 
585, 589, 590 

Hydroxylaminobenzene mutase, 582, 587, 
590, 599 

Hydroxylaminobenzoate, 588, 589 
Hydroxylaminobenzoate lyase, 589 
Hydroxylaminophenol, 586 
Hydroxymethylbilane, 119 
Hydroxymethylbilane synthase, 119 
Hydroxymuconate, 531 
Hydroxymuconic acid semialdehyde, 467 
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9-hydroxynonaoic acid, 697 
Hydroxyoctanoate, 153 
Hydroxyphenazine-1 -carboxylic acid, 642, 
645 

Hydroxyphenylacetate, 364, 428, 443, 452 
Hydroxyphenylacetate hydroxylase, 438 
4-hydroxyphenylacetate transport, 444 
4-hydroxyphenylpropionate, 426, 446 
3 -hydroxyphenylproprionate monooxygenase, 
593 

4-hydroxyphenylpyruvate, 45 1 
Hydroxyphenylpyruvate dioxygenase, 368, 
441,451 

Hydroxyquinol, 361, 363, 426, 427, 452 
Hydroxyquinol 1, 2-dioxygenase, 365 

Indole acetic acid (lAA), 273 
ice gene, 695 

IclR family, 433, 439, 445, 455, 617 

Imino acetic acid, 673 

Imipenem, 258 

Immunogold labeling, 213 

In vitro transcription assays, 60 

In vivo expression technology (I VET), 280 

Indole, 294, 298 

Indoleglycerol phosphate (InGP), 294, 295, 
298, 299, 301-303,305,315 
InGP synthetase, 304 
Infection, 638 
bronchopulmonary, 55 
chronic, 54 

immunosuppressed hosts, 54, 689 
mammalian, 98 
nosocomial, 173 
Inflamation, 58 
Inhibitors dehydrase, 100 
Inhibitor spore germination, 162 
Inner membrane proteins, 58, 175, 277, 401, 
415,494 

Inner-core oligosaccharide, 15 
Insertion sequences (IS), 403, 620 
IS7, 620 
IS30, 620 
lSPpu4.1, 405 
lSPpu4.2, 405 
ISS12, 620 
cat-ant-ben, 454 

Integration Host Factor (IHF), 62, 136, 298, 
300 

Interleukin, 3 



International Antigenic Typing Scheme 
(lATS), 19 
Inverted repeat, 302 
4-iodobenzoate, 537 
Iron, 676 

[Fe-S], 127, 200, 201,214 
[2Fe-2S], 674 
[4Fe-4S], 335, 676 
Fe(II), 362, 364, 368, 371, 376, 379 
Fe(III), 676 
Fe(III)-02“, 380 
alkylperoxo moiety, 385 
bound catecholate, 386 
chelator, 673 
coordination, 374 
hydrogenase, 591 
intracellular iron chelator, 280 
starvation protein, 124 
Irreversible inactivation by high O 2 , 682 
Isobacteriochlorin, 126 
Isoleucine, 706 

Isoleucyl-tRNA synthase, 696, 698 
Isoniazid, 100, 101 
Isothionate, 329, 335 

Jasmonic acid, 708 
JUMP start, 23 

KauB aldehyde dehydrogenase, 247, 255, 260, 
265 

Kdo synthesis, 1 5 
KdsA, 15 

2-keto-3-deoxi-6-phosphogluconate aldolase, 
64 

P-ketoacyl: 

P-ketoacyl-ACP, 84, 86, 90, 95, 182, 649 
P-ketoacyl-ACP: dehydrase, 90, 100 
p-ketoacyl-ACP: reductase, 86, 90, 95, 

100, 691 

P-ketoacyl-ACP: synthases (KAS), 85, 86, 
89, 92, 100, 101,649, 691,711 
Ketoacyl reductase, 1 80 
P-ketoadipate, 433, 452 
P-ketoadipate enollactone, 433 
P-ketoadipate pathway, 429, 432 
P-ketoadipate succinyl-CoA transferase, 429 
P-ketothiolase, 446 

2-ketoarginine decarboxylase, 252, 260 
Ketoglutarate, 250, 285, 681 
Ketoreductase, 690, 693, 701, 702 
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Ketosynthase, 693, 707 
kinB, 61 

Kynurenine pathway, 365, 428, 450 

Lactate, 407 
Lactone, 150, 380, 514 
Lake sediments, 195 
Las box, 176 
lasAB, 177 
lasi, 94, 95, 176, 177 
/fl^/mRNA, 655 
LasI/LuxI, 703 

LasR, 175-178, 677, 678, 680, 682 
LasR/LasI, 703 
LasR/LuxR, 703 
Leader peptide, 305 
Leader transcripts, 304 
Leukocyte function, 56 
Lichenysin, 158 
Lif proteins, 496, 497, 500 
Ligase, 535 
Lignin, 359 
Limonene, 623 
Lindane, 361, 365 
Linear tetrapyrrole, 119, 124 
Lip proteins, 262, 494-496, 499, 502, 503 
Lipase, 262, 491, 492, 496, 498, 501, 610 
Lipid A, 3,4, 8, 28, 94 
Lipodepdipeptides, 147, 641, 662 
Lipopolysaccharide (LPS), 3, 4, 10, 12, 17, 
29, 38, 56, 65, 69, 71, 83, 97, 174, 175, 
179, 180, 185,412,615 
A-band, 4, 29 

B-band, 4, 19,21,28,31,37 
0-antigen, 4, 12, 20, 25, 97 
0-antigen ligase, 14 
0-antigen polymerase, 22, 28 
0-antigen translocase, 28 
Outer-core oligosaccharide, 1 8 
rough, 71 
semi-rough, 28 
Lipoproteins, 94 
lipQR, 262 
Lokisin, 149, 151 
Lon, 137, 691, 694, 696 
Long chain acyl-CoA synthase, 85 
Long-chain alkane uptake, 41 1 
Low oxygen concentrations, 680 
Low pH, 273 

Lower consumption of energy, 610 



Lrp family, 330 
LsfA, 333, 334 
LUX box, 652, 677 
LuxI/LuxR family, 176, 652 
Lyase, 580, 581,611 
lys genes, 280, 281, 282, 287 
LysC, 281,282 
Lysine, 273, 280, 282, 285 
-6-aminotransferase, 283 
auxotrophies, 280 
biosynthesis, 279 
catabolism, 274 

decarboxylase, 273, 283, 285, 287 
monooxygenase, 283 
permease, 283, 288 
racemase, 283 
D-lysine, 282, 285 
D-lysine-6-aminotransferase, 284 
LysP, 283, 284, 288 

LysR family, 198, 256, 260, 295, 299, 303, 
309, 315, 335, 433, 436, 439, 449, 455, 
513, 595, 694, 695 

mac genes, 697 
Magnesium, 8, 98, 364 
Major facilitator superfamily (MFS), 433, 
454, 649 

Maleylacetate, 511, 512, 514 
isomerase, 439 
reductase, 511, 512 

Maleylpyruvate isomerase (GtdC), 439 
Malonate, 689, 691 

Malonate semialdehyde dehydrogenase, 255 
Malonyl-ACP, 84, 86-88 
Malonyl-CoA, 84, 86, 89, 90, 646, 649, 694 
Malonyl-CoA:ACP transacylase, 84, 88, 100 
ManC, 65 

Mandelamide hydrolase, 449 
Mandelate, 428, 434, 447, 449 
Mandelate racemase, 428, 448 
Mannitol, 64, 652 
Mannose, 156 

Mannose-phosphate, 18, 65, 179 
Mannuronate, 53, 54, 66, 67 
D-mannuronate C5-epimerase, 66 
Mao, 450 

MarA family, 444, 445 
Marinobacter, 406 
MarR family, 455 
Mass transfer, 624 
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Massetolids, 148, 149, 160 

Maturase, 454 

MdeA, 330 

MdeR, 330 

mdl clusters, 447-449 

MdlP-T, 454 

Medium chain acyl-CoA ligase, 85 
Medium chain-length alcohol 
dehydrogenase, 413 
Meisenheimer complex, 580, 591, 592 
Membrane fluidity, 92 
Membrane fusion protein, 617 
Membrane vesicle, 235, 619 
MetA, 328 
Metabolic flux, 549 
Metalloenzymes, 203, 360 
meta-nn% cleavage, 586 
MetE-H, 328 

Methanesulfonate, 329, 330, 334, 

335, 346, 348 

Methanesulfonate monooxygenase, 331 
Methanethiol, 328 
Methicillin-resistant, 696 
Methionine, 280, 323-325, 329, 330, 

346, 679 
- 7 - lyase, 330 
auxotrophs, 280, 327, 328 
biosynthesis, 327 
synthase, 128, 328 
Methyl malonate-CoA thioester, 691 
Methyl mesoporphyrin IX, 124 
Methyl sulfate, 329 

Methyl transferase. 111, 123, 127, 129, 
130, 646, 704 

Methyl-accepting chemotaxis 
proteins, 403 
Methylbenzoate, 5 1 6 
Methylcatechols, 517, 520, 621, 622, 626 
Methylcobalamin, 128 
2 -methyldecanoic acid p-nitrophenyl 
ester, 502 

Methylmalonate, 689 
Methylmalonic acid semialdehyde, 596 
Methylmalonyl-CoA, 703 
Methylmalonyl-CoA epimerase, 368 
Methylmalonyl-CoA mutase, 128 
Methylnaphthalene, 464, 468 
Methylnitrocatechol, 592, 593, 596 
Methylnitrocatechol monooxygenases, 
593, 597 



Methylphenol, 520, 527 
Methylsalicylic acid, 691 
5-methyltryptophan resistance, 303 
MetXW, 325, 328 
Mex efflux systems, 617 
MFS, 277, 439 
miaA gene, 303 

Microaerobic environment, 671, 677 
Microarray analysis, 350 
Microbial inoculants, 637 
Microcolonies, 56 
Microcosm, 638 
mig-14, 14 
MigA, 18, 39 
Mini-Tn5 transposon, 624 
mmp genes, 697, 699 
Mmp proteins, 699, 701, 702 
Mn(II), 362, 364, 368 
Mobile element, 543, 549 
Moessbauer spectroscopy, 401 
Molybdenum, 207, 672 
Molybdopterin, 207, 333, 334 
Molybdopterin guanine dinucleotide, 

200 

Monic acid, 696 

Monoacetylphloroglucinol (MAPG), 646, 
649,711,713 

Monoaminodinitrotoluenes, 233 
Monooxygenase, 332, 335, 415, 

444, 576, 580, 592, 593, 596, 

624, 646 

Mono-rhamnolipid, 95, 173, 175, 182 
Motility, 165, 248 
msbA, 13 

Msu proteins, 330, 334, 335 
muc genes, 57, 58, 62 
mucA mutant, 680 
Mucoid, 63, 69 
Muconate, 528 

Muconate cycloisomerase, 434, 527 
Muconolactone, 434 
mup genes, 697, 699, 702 
mupA promoter, 699 
Mup proteins, 699, 701-703 
Mupirocin, 692, 696, 700, 714 
MupR box, 703 
Mutagenic, 463, 469, 576, 581 
Mutase, 576, 580, 581 
Mycalamide A, 703 
Mycobacterium sp., 160, 397 
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NADH dehydrogenases, 200, 247, 277 
nag genes, 466, 595, 597 
NagR, 595, 596 

nah genes, 466, 467, 480, 522, 595 
nap genes, 196-198 
nap mutant, 202 

Naphthalene, 361, 364, 453, 464^66, 479, 
595, 621 

Naphthalene dioxygenase, 375, 595 
Naphtahalene sulfonate, 335 
Naphthalene uptake, 410 
Naphthoic acid, 468 
Naphthols, 335, 469, 473 
Naphthopyrone synthase, 699 
genes, 196, 199 
NarL box, 196 
NarL family, 136, 199, 201 
NarX, 199, 201 
narXL, 137, 198,217 
nas, 196 

Natural attenuation, 599 
nhzA, 582 
NbzR, 595 
ndo, 466 
Ni(II), 368 

nirgems, 128, 135, 196-198, 202-204, 

206, 207 

Nir phenotype, 207 
Nir proteins, 135, 207 
nirK promoter, 203 
Nitrate, 193, 205, 231 
Nitrate and oxygen responses, 199 
Nitrate assimilation, 193, 195, 201 
Nitrate reductase, 194, 197, 199, 200 
Nitric oxide (NO), 193, 202 
Nitrification, 193, 194 

Nitrite, 127, 134, 137, 193, 198, 231, 591, 596 
Nitrite denitrification, 196, 208 
Nitrite efflux, 201 

Nitrite reductase, 126, 194, 200, 202-204, 
217, 232 

copper-containing, 195, 217 
cytochrome-cflfi, 197, 203 
Nitrite reductase dissimilatory, 112, 134, 135 
4-nitroanisole, 580, 592 
Nitroarene, 594 

Nitroarene dioxygenase, 595, 599 
Nitroaromatic compounds, 230, 426, 575 



4-nitrobenzaldehyde dehydrogenase, 588, 589 
Nitrobenzene, 361, 365, 575, 577, 580, 582, 
595 

degradation, 582 
nitroreductase, 582, 584, 587 
2-nitrobenzoate decarboxylase, 584, 586 
Nitrobenzoates, 365, 577, 582, 587, 595 
4-nitrobenzyl alcohol dehydrogenase, 588, 590 
4-nitrocatechol, 578, 592, 596 
2-nitro-4-hydrobenzoic acid, 232 
Nitrogen fixation, 193, 194 
Nitrogen limitation, 681 
Nitrophenols, 361, 365, 576, 577, 585, 592, 593 
Nitrophenylpalmitate, 498 
Nitrophenylsulfate, 329, 338, 343 
Nitropyrogallol, 596 

Nitroreductases, 576, 581, 582, 584, 587 
nonspecific, 581 
4-nitroresorcinol, 592 
Nitrosobenzene, 582 
Nitrosoguanidine, 66 
Nitrotoluenes, 578, 580, 582, 585, 587, 

594, 595 

Nitrous oxide, 134, 137, 193, 202 
Nitrous oxide reductase, 195, 200, 209, 212 
NnrR, 208, 217 
nnrS, 197, 207 
NO, 202 

as signal molecule, 203 
homeostasis, 202, 208 
metabolism, 208 
reductase, 194, 200, 202, 217 
respiration, 196 

-responsive regulators, 198, 208 
Nonane, 413 
Non-coding RNA, 679 
Non-ribosomal peptide synthases (NRPS), 

154, 692, 694, 695, 703,709,714 
nor genes, 196, 197, 202, 203 
NorC, 202 
Norcoronatine, 706 
Norepinephrine, 428 
nos genes, 195, 196-198, 213, 214 
nosR promoter, 213 
Nos proteins, 213-216 
NtdR, 595 
ntn genes, 590 

NtrC family, 61,217, 256, 348, 455 
Nucleophilic attack, 1 19, 384 
Nucleoside diphosphokinase, 62 
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ocd, 287 

1, 7-octadiene, 622 

Octane, 401,412, 403, 625 

Octanoic acid, 401 

Octanol,411,613, 622, 625, 626 

Octanol/water two-phase system, 612 

Octapamine, 428, 443 

Octene, 622 

Octopine oxidase, 674 

OmpC, 278 

OmpF, 278 

Oomycete fungi, 692 

Oomycin A, 639 

opdl, 341 

Ophiostoma, 162 

OprC, 216 

OprD, 258, 283, 284, 341 
oprD genes, 258, 288 
OprE, 341 
OprF, 615 
OprL, 615 

Opsonic killing, 56, 69 
Organic solvent, 479, 491, 612 
OrganosulfUr metabolism, 324, 348 
Ornithine, 154, 243, 248, 251, 262, 274, 276 
Ornithine aminotransferase, 274, 275 
Ornithine carbamoyltransferase, 246, 248 
Ornithine cyclodeamidase, 274, 275, 287 
Ornithine decarboxylase, 253 
Ornithine utilization regulator, 288 
OruR, 276, 288 
Osmolarity, 650 
Osmoprotectants, 273, 277 
Osmotic stress, 273, 276 
Outer membrane, 3, 495, 615 
esterase, 500 
permeability, 273 
protein (AlkL), 403 
structural integrity, 3 
transport across, 283 
Overexpression systems, 499 
Oxaloacetate, 363 

Oxalocitramalate aldolase (pcmE), 455 
4-oxalocrotonate decarboxylase, 586 
4-oxalocrotonic acid, 582 
(3-oxidation cycle, 409 
Oxidation of terminal alcohols, 412 
Oxidative burst of PMNs, 58 
Oxidative stress, 58, 124, 650 
2-oxo-4-pentanoate hidratase, 586 



Oxoadipate pathway, 527, 548 
12-oxo-phytodienoic acid (OPDA), 708 
Oxygen radicals, 58 
Oxygen-limited conditions, 199 
Oxygenase, 539, 698 
Oxytetracycline, 691 

PabA,311 
PabB,311 
Pad, 450 

pah genes, 467, 469 

PAK,4 

Palmitate, 6 

palmitoleic acid, 92 

Parathion, 592 

Pasive diffusion, 410 

Pathogen, 54, 94, 98, 113, 185, 637, 

638, 646 

Pathogenesis, 55, 69, 71, 72, 124, 173, 

273, 327, 503 
Pathovars, 706 

pea genes, 429, 432, 433, 453 
Pea proteins, 433, 454, 527 
PCD, 366, 374, 376, 385 
pepB, 534 
pepS, 85, 87 

Pederin, 699, 703, 705, 714 
Penicillium, 165 

Pentachlorophenol, 361, 365, 532 
Pentachlorophenol 4-monooxygenase, 532 
Pentanesulfonate, 329 
Peptide antibiotics, 56 
Peptidyl carrier protein (PCP), 693, 694 
Peptidyl-prolyl-c/5/fra«5 isomerases, 496 
Perillic acid, 623 

Periplasm, 70, 202, 340, 408, 494, 497, 

617, 675 

Periplasmic protease, 58, 498 
Periplasmic substrate-binding protein, 325, 
342 

Permease, 342 

Pesticide, 575 

pha genes, 436-438, 657 

PhaC, 95, 97 

PhaG, 85, 97, 182 

Phagocytosis of the bacteria, 58 

PhaK, 454 

phdEFABGHCD, 471 
PheA, 521 

Phenanthrene, 365, 464, 465-467, 469, 473 
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phenanthroline, 673, 674 
Phenazine, 312, 638, 639, 641, 644, 652, 660 
biosynthesis, 644, 654, 656, 659 
carboxylic acid (PC A), 642, 643, 644, 

646, 659, 660 

methosulfate (PMS), 409, 673 
-1, 6-dicarboxylic acid, 643, 645 
-1 -carboxamide, 642, 645, 646 
Phenol hydroxylase, 521 
Phenols, 335, 359, 361, 364, 453 
Phenylacetaldehyde, 450 
Phenylacetate, 426, 437, 450, 474 
Phenylacetate transport, 437 
Phenylacetyl-CoA, 426, 427, 450 
pathway, 436 

Phenylacetyl-CoA ligase, 436, 438 
Phenylalanine, 307, 308, 365, 426, 428 
catabolism, 365 
hydroxylase, 308, 441, 451 
Phenylalkanoates, 450 
Phenylethylamine, 426, 450 
Phenylheptanoate, 426 
Phenylhexanoate, 426 
Phenyloctanoate, 426 
Phenylpropenoid, 445 
phh genes, 308, 441, 451, 454 
phhR mutant, 308 

phi genes, 648, 649, 657, 658, 660, 711,713 
phlA promoter, 649, 661 
PhlA-F proteins, 647, 649, 650, 651, 661, 
712,713 

Phloroglucinol (PHL), 641, 648, 650-652, 
654-657, 659, 661, 713 
biosynthesis, 653 
phn genes, 312, 467, 471 
phnA and phnB over-expression, 312 
Pholipeptin, 149, 151 
PhoP-Q, 8, 14 

Phorphobilinogen deaminase, 119 
Phorphobilinogen synthase, 117 
Phosphatidic acid, 98 
Phosphatidylcholine, 98, 99 
Phosphatidylethanolamine, 98, 99, 616 
Phosphatidylserine synthase, 98 
Phosphoadenosine-5'-phosphosulfate 
(PAPS), 325 

Phosphoenolpyruvate, 15, 307, 643, 644 
Phosphoglucoisomerase, 64 
Phosphoglucomutase, 18 
6-phosphogluconate dehydratase, 64 



Phosphoglucose mutase, 65 
Phospholipase, 56, 159, 495, 496 
Phospholipid, 83, 94, 401, 612, 616 
head group, 93, 616 
Phosphomannose isomerase, 65 
Phosphomannose mutase, 18, 65 
Phosphopantetheine group, 87, 691 
Phosphopantetheinyl transferase, 87 
Phosphoribosyl anthranilate, 294 
Phosphoribosyl anthranilate isomerase, 307 
Phosphoribosyl transferase, 304 
Photo-oxidation, 465 
Phthalates, 361, 364, 471, 473, 474, 477 
Phyllosphere, 323 
Phylogenetic analyses, 367, 657 
Phytochrome-based sensor-kinase, 125 
Phythium ultimum, 158, 161, 692 
Phytobilins, 124 
Phytochrome, 125 
Phytohormones, 147 
Phytopathogens, 161, 195, 637, 638, 659 
Phytorhizoremediation, 235 
Phytostimulation, 637 
Phytotoxic, 280, 711 
Phytotoxins, 148, 151, 154, 156, 157, 

692, 706 

phz genes, 312, 644, 645, 646, 652 
phzH mutation, 645 
Phz proteins, 643-645, 646, 652 
Picolinic acids, 599 
Picric acid, 591 
PigA, 124 
Pili, 265 
Pipecolate, 286 
Pipecolate oxidase, 284 
Piperideine-6-carboxilate, 285 
Piperideine dehydrogenase, 283 
piuB, 327 

Plant associated bacteria, 681, 682 
Plant surface, 428 
Plant wax layers, 164 
Plasmids, 453, 715 
NAH7, 453, 480 
OCT, 403, 405 
pB13,511 
pEMTl, 545 
pJP4, 513, 545 
pP5 1,453 
pVI150, 453 

pWWO, 299, 426, 453, 479, 516, 586 
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pit genes, 694 
pit promoter region, 695 
mutant, 694 

Pit proteins, 64, 694, 695 
pnrA, 236 

pob genes, 432, 444, 454 
Pollutants, 164, 230 
Polyamine, 243, 253, 262 
catabolism, 254 
transport, 256 

Polychlorinayed biphenyls (PCBs), 360, 425 
Polycyclic aromatic hydrocarbons 
(PAHs), 463 

PAH biodegradation, 481 
PAH contamination, 465 
Polyguluronate, 53 
Polyhydroxyalkanoates, 83, 96, 174 
Polyketide, 646, 689, 691, 696, 699, 

703, 708, 714 

Polyketide synthase (PKS), 648, 658, 689 
Polymannuronic, 53 

Polymorphonuclear leukocytes (PMNs), 56 

Polyurethane, 575 

Porin, 70, 433, 437, 445, 446, 448, 

454, 614 
Porphinoids, 111 
Porphobilinogen, 112 
Porphyrin, 111, 134 
Post-harvest diseases, 165 
Post-harvest fungal pathogens, 165 
Post-transcriptional regulation, 650, 660, 
678, 679 
pqsH, 680 
pqsR, 680 

Precorrins, 127, 128, 129, 131, 205, 206 
Predation, 681, 703 
Preuroporphyrinogen, 112, 119 
proA, 21 A, 275, 287 
proA mutant, 274 
proB, 274, 275, 287 
proC, 274, 275, 287 
proC mutants, 681 
Proinflamatory, 56 
Proline, 262, 273 
dehydrogenase, 277, 287 
permease, 288 

-Na^ symporter, 276, 277, 288 
ProP, 278, 288 
1, 3 -propanediol, 626 
Propionate, 691 



Proteases, 55, 137, 494, 610 
Protoanemonin, 528, 548 
Protocatechuate, 360-364, 374, 426, 427, 
444, 446, 471,473, 588, 589, 595 
-3, 4-dioxygenase, 364, 429, 432, 531 
-4, 5-dioxygenase, 364, 366, 455, 531 
Protoheme, 112 
Proton extrusion, 234, 591 
Protoplasts, 160 
Protoporphyrin IX, 112 
Protoporphyrinogen IX (protogen), 121 
Protoporphyrinogen oxidase, 122 
ProU, 277, 278, 288 
proVWX, 288 
ProY, 277, 278, 288 
prrB RNA, 655, 679 
PruR, 279, 288 
Pseudobactins, 638 
Pseudomonic acid, 696, 697 
Pseudomycin A, 149 
Pseudophomins, 148, 149, 161, 640 
Pterin cofactor, 45 1 
Pterin hydroxylases, 375 
Pu promoter, 299 
Pulmonary tract, 55 
PutA, 264, 277, 278, 287 
PutP, 277, 278, 288 
Putrescine, 243, 253, 255, 262, 265 
Putrescine aminotransferase, 247, 254 
Pyochelin, 56 

Pyocyanin, 312, 642, 646, 654 
Pyoluteorin, 273, 640, 651, 660, 692, 693, 
694, 695, 714 
Pyoverdines, 638 
Pyran ring, 696, 703 
Pyrene, 464, 465, 475, 477 
pyrG, 15 

Pyridoxal phosphate, 254, 282, 283, 327 
Pyridoxamine 5 -phosphate, 113 
2-pyrone-4, 6-dicarboxylate, 531 
Pyrophosphatase, 7 
Pyrrole rings. 111, 694, 695 
Pyrrolnitrin, 640, 660, 673 
Pyrrolyl-2-carboxylate, 694 
Pyruvate, 306, 363, 439, 467, 582, 596, 681, 
706, 709 
Pythium, 660 

A ^ -pyrroline-5-carboxylate 

dehydrogenase/reductase, 275, 

277, 287 
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Q-cycle (QH 2 /Q), 200 
Quinate, 426, 428 
qui cluster, 445 
dehydrogenase, 445 
QuiX, 454 

Quinolone signal (PQS), 679 
mutants, 680 
Quinone, 592 
Quinone reductase, 581 
Quorum sensing, 94, 176, 183, 652, 

654, 655, 676-678, 682, 703 

Radical-dependent nucleotide reduction, 1 1 1 
Ralstonia, 429, 510 
Rapamycin, 691 
RAPD, 657 
Reactive ketones, 681 
Rearrangements, 111 
Recombination, 576 
Redox cycling, 641 
Reductase, 113 
Regulatory RNA, 655 
Repetitive extragenic palindromic (REP) 
sequences, 231, 432, 435, 438, 454 
Resident microbial populations, 638 
Resins, 575 

Resorcinol, 361, 365, 692 
Respiratory chain, 676 
Respiratory diseases, 54 
Respiratory system, 193 
Reverse transsulfuration, 328, 346 
Reversible substrate inhibition, 380 
Rhamnolipid, 18, 83, 94, 95, 164, 173, 

174, 180, 182, 185,411 
Rhamnose, 11, 95, 180 
Rhamnosyltransferase 1 (RTl), 175, 181, 185 
Rhamnosyltransferase 2 (RT2), 14, 18, 96, 
174, 175, 176, 181 
Rhizobacteria, 638 
Rhizoctonia solani, 158, 161, 165 
Rhizosphere, 148, 158, 163, 236, 274, 286, 
323, 546, 638, 657 
Rhl QS system, 654 
RhlAB, 96, 175 
rhlAB, 96, 175, 177, 183 
rhlA promoter, 178, 183, 184 
RhlC, 175, 111 
RhlG, 85, 95, 180, 181 
Rhll, 19, 94, 175-177 

RhlR, 19, 175-178, 183-185, 677, 678, 682 



Rhodanese, 681 
Rhodococcus sp., 397, 429 
Rhodoturula sp., 162 
Rieske non-heme iron dioxygenases, 5 1 7, 
526, 538, 542 

Ring hydroxy lation, 575, 576 
RmlA-D, 18, 179 
rmlBCAD, 180 

RNA polymerase, 298, 300, 678 
RND-type, 616 
Root, 235 
colonization, 682 
diseases, 682 
exudates, 274, 277, 286 
infection, 692 
-pathogenic fiingi, 158 
rot, 692 
RoxSR, 680 
rpoA, 298 

rpoD, 180, 296, 404, 648, 653, 655, 696 
rpoE, 57, 60, 63, 680 
rpoH, 63, 72, 696 

rpoN, 176, 262, 277, 334, 348, 448, 451, 711 

rpoS, 62, 93, 177, 180, 183, 407, 653, 656 

rRNA similarity clusters, 10, 510 

rRNA16S, 231, 310, 398, 468, 657, 681, 703 

RsmA, 655, 678, 679 

RsmE, 678, 679 

RsmY, 679 

RsmZ, 679 

Rubredoxin, 399, 401 

Rubredoxin reductase, 403, 405, 409 

S-adenosyl methionine (SAM), 93, 94, 122, 
127, 206, 207, 244, 253, 697, 701 
sal operon, 467 
Salicylaldehyde, 469 

Salicylate, 361, 362, 365, 467, 469, 473, 595, 
651,624, 661 

Salicylate hydroxylase, 469, 521, 597 
Salmonella sp., 207, 279 
Saturated/unsaturated fatty acids, 615 
Saturation mutagenesis, 67, 502 
Schiff-base, 117 
ScoP,216 
SdsA, 340, 343 
SdsB, 347, 348 

Secondary metabolite, 658, 661 

Secretion, 492, 493, 495 

Secretion across the inner membrane, 493 
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Secretion across the outer membrane, 495 
Sec-system, 205, 494, 495 
Seed, 274 

Seedling damping-off, 692 

Selenate, 330 

Self-transmissible, 5 1 1 

Sensor kinase, 256, 262, 654 

Sensu stricto, 510 

Sequence aligments, 371 

Serine proteases, 696 

Serotype, 11, 12, 19-21, 23, 25, 26, 38 

Seryl-tRNA synthase, 127 

Sewage, 463 

sfnECR, 348 

sfnEDR, 346 

SfhR, 334, 347 

SftP, 341 

SftR, 347 

sftR mutant, 345, 347 
Shikimic acid, 298, 307 
Shikimic acid pathway, 642 
Shine-Dalgamo sequences, 304 
Short alkanes, 410 
Siderophores, 147, 638 
Sigma factor, 63, 655 
RpoD, 653, 655 
RpoS, 62, 93, 653 
(See also rpo genes) 

Signal molecules, 264, 659 
Signal peptide, 70, 493 
Signal transduction mechanism, 63 
Superoxide dismutase, 56 
Siroheme, 111, 112, 126, 139 
Sirohydrochlorin, 127, 206 
Site-directed mutagenesis of N 2 OR, 211 
Site-specific integrations, 5 1 1 
Small RNA-binding proteins, 678 
Sodium dodecyl sulfate (SDS), 379, 339, 347 
SDS sulfatase, 340 
Solvent, 612, 616 
Solvent efflux pumps, 616 
Solvent tolerance, 83, 93, 98, 613, 616, 619 
Solvent-sensitive mutant, 619 
spdH, 247, 255 
speA, 253 

SpeC decarboxylase, 253 
Spectroscopic studies, 371 
Spermidine, 243, 253, 259, 262 
Spermidine synthase, 253 
Spermidine/spermine dehydrogenease, 247 
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spu genes, 247, 254, 259 
spu mutants, 254 
SrpABC, 617 
srpSR, 618 
SsuA-F, 330-335 
Staphylococcus aureus, 696 
Stationary phase of growth, 93, 156, 173, 659 
Stem-loops, 304 
Stenotrophomonas sp., 510 
Stereo-electronic, 385 
Stilbene, 658 
Stilbene synthases, 648 
Streptomyces sp., 658 
Strictly anaerobic, 676 
Structural domain, 367 
Structure of the active site of DHBD, 373 
Structure of WLP, 150 
styAB, 621 
Styrene, 613, 621 
Styrene c/ 5 -glycol, 623 
Styrene oxide, 621, 623, 625 
Substrate misrouting, 549 
Succcinyl diaminopimelate desuccinylase, 282 
Succinate, 264, 407, 652 
Succinate semialdehyde, 443 
Succinate semialdehyde dehydrogenase, 247, 
257, 285 

Succinylarginine dihydrolase, 246, 250 
Succinyl-CoA, 113,363,429 
Succinyl-diaminopimelate aminotransferase 
{dapC), 280, 287 

Succinyl-diaminopimelate desuccinylase, 287 
Succinylglutamate desuccinylase, 246 
Succinylglutamate semialdehyde 
dehydrogenase, 246 
Succinylhomoserine synthase, 328 
Succinylornithine, 250 

Succinylornithine aminotransferase, 245, 246 
Succinyltransferase, 250 
Sucrose, 156, 652 
Sugar kinase, 16 
Sulfamate, 33 1 
Sulfatases, 339, 342 
Sulfate, 323, 325, 329 
assimilation, 347 
esters, 323, 331, 335, 338 
-limited conditions, 325, 350 
proton symporters, 326 
-reducing bacteria, 466 
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Sulfhydrylation, 327, 328 
Sulfide, 325, 326, 346, 349 
as corepressors, 346 
Sulfite, 325, 326, 330, 331, 335, 346 
reductase, 325, 326, 346 
Sulfoacetaldehyde lyase, 335 
Sulfomucin, 344 
Sulfonate, 323, 330, 331 
azo dyes, 337 
Sulfoquinovose, 335 
Sulfosuccinate, 33 1 
SulP family, 326 
Sulphite, 127 
reductases, 126 
Sunken spots, 161 
Superoxide, 641 
Superoxide dismutases, 642 
Surface tension of water, 157 
Surfactants, 324, 337, 339, 480 
Surfactin, 158 

Survival in the phyllosphere, 327 
Survival to stress, 93 
Survival in soils, 345 
Synephrine, 428 
syp genes, 155 

Syringomycin, 149, 154-156, 159, 160 
Syringopeptin, 151, 153, 159, 160, 162 
Syringostatin, 149, 155, 159 
Syringotoxin, 149, 154, 155, 159, 160 
syrP, 155 

Systemic resistance, 638 

Tabtoxin, 280 
TauD, 335, 340 

Taurine (2-aminoethanesulfonate), 323, 324, 
329, 335 

Tautomerization, 596, 695 
TbuD, 521 
tcb genes, 519 

dTDP-6-deoxy-D-4-hexulose, 179 
dTDP-6-deoxy-D-lyxo-4-hexulose, 1 80 
dTDP-6-deoxy-L-lyxo-4-hexulose, 179, 180 
dTDP-D-glucose, 179 
dTDP-L-rhamnose, 179 
Tensin, 149, 151, 156, 161, 163, 164, 640 
Tensoactive properties, 173 
Terephthalatic acid, 361 
Terminal electron acceptor, 590 
Terminal oxidases, 199, 200, 680 
Terminal thioesterase, 691 



tesB, 85 

TetR family, 256, 259, 617 
Tetracenomycin, 691 
Tetrachlorobenzene, 514, 526 
Tetradecane, 623 
Tetrahedral symmetry, 376 
Tetrahydrodipicolinate, 280 
Tetrahydrodipicolinate succinylase, 287 
Tetrapyrrole, 111, 139, 205 
biosynthesis, 113, 116 
tfd genes, 546 
Thauera sp., 400 
THBD, 380 
Thermoregulated, 710 
Thermostability, 586 
Thielaviopsis sp., 682, 711 
ThiO, 673 

Thioesterase, 155, 436, 536, 693 
Thioether linkage, 119 
Thioglucose, 329 
Thiolactomycin, 100, 101 
Thiohdisulfide isomerase, 496 
Thiol-specific antioxidant, 333 
Thioredoxin, 325, 326 
Thiosulfate, 325, 329 
Threonine, 280 
auxotrophy, 280 
Threonine-0-3 -phosphate, 1 3 1 
tod genes, 519, 624 
TodF, 530 
TOL pathway, 381 
Tolaasin, 149, 151, 159-161 
synthesis, 151 
TolC, 493 

Toll-like receptor 4, 3 
Toluate, 426, 516 
Toluate 1, 2-dioxygenase, 516 
Toluene, 517, 544, 612, 613, 616, 618, 
621, 622, 623, 626 
cw-glycol, 621, 623 
dioxygenase, 594 
-2-monooxygenase, 520 
-4-monooxygenase, 520, 521 
pre-adaptation, 619 
toluenediisocyanate, 575 
TonB dependent receptor, 341, 347 
tou gene, 520 

Toxicity, 230, 590, 612, 624, 627, 672 
Toxin, 55, 161 
Trans-2-acyl-ACPs, 90 
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Trans-2-Enoyl-ACP, 86 
Transacylase activities, 182, 712 
Transaminases, 245 
Transconjugants, 547 
Transcription start sites, 178, 198, 677 
Transcriptional activators, 407, 650 
Transcriptional repression, 276, 277, 650, 651 
Transmembrane domains, 36 
Transporter, 325, 446, 451 
Transposable elements, 576, 715 
Tn5 mutagenesis, 165, 197, 694, 

708, 713 

Tn501 mutagenesis, 66 
Tn5280, 453 
Tn5542, 453 
Transposition, 576 
Transsulfuration, 325, 328 
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